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Abstract
This Thesis work gives original contributions to the application of multi-antenna techniques
to Frequency Domain Equalization (FDE)-based systems, in particular to Single Carrier -
Frequency Domain Equalization (SCFDE) systems, which are emerging as an attractive
alternative/complement to Orthogonal Frequency Division Multiplexing (OFDM) in future
wireless systems.
The main focus of the Thesis is the proper application of multi-antenna techniques to
SCFDE. In particular, in spite of the many similarities between OFDM and SCFDE systems,
multi-antenna techniques operating in the space and frequency domains (either diversity-
only, hybrid diversity-multiplexing and advanced Linear Dispersion Codes (LDC)), which
represent an attractive solution for OFDM systems in specific propagation scenarios (i.e.,
highly time variable channels), cannot be easily (i.e., without increasing the transceiver com-
plexity) extended to SCFDE systems. In fact, in SCFDE systems there is no direct access to
subcarriers at the transmitter, unless Fast Fourier Transform (FFT) and Inverse Fast Fourier
Transform (IFFT) operations are performed, thus greatly increasing the transceiver com-
plexity. The present work overcomes this issue proposing new low-complexity pre-processing
techniques (complexity comparable with the one of space-time techniques).
Especially interesting it is the extension to SCFDE systems of LDC in the frequency
domain: the Thesis presents a method to build the linear space-time dispersion matrices
to be used at the transmitter, as a function of the desired dispersion matrices in the space
and frequency domains. Performance comparisons prove their suitability in a wide range
of propagation scenarios (level of frequency and time diversity of the channel). Moreover,
iv
vcoding across antennas and subcarriers, instead of across antennas and symbol periods can
help in reducing the latency due to the processing time at the receiver: in case of space-time
techniques, the receiver has to wait for more than one symbol period before processing.
The Thesis also addresses the trade-off between diversity and multiplexing gain, for
both OFDM and SCFDE systems. More specifically, two Joint Diversity and Multiplexing
(JDM) schemes, namely Spatial Multiplexing (SM)-Orthogonal Space-Frequency Block Code
(OSFBC) and SM-Quasi-orthogonal Space-Frequency Block Code (QSFBC), have been pro-
posed and investigated for both OFDM and SCFDE systems. Linear and non-linear receivers
based on well-known Zero Forcing (ZF), Minimum Mean Square Error (MMSE) and Ordered
Successive Interference Cancellation (OSIC) techniques are derived and analyzed. The sys-
tems are compared in terms of Frame Error Rate (FER) and spectral efficiency in realistic
wireless channel scenario, such as spatial correlation at both ends of the transmission link
and presence of Line of Sight (LOS). Performance comparisons show that the proposed
schemes are more robust than original spatial multiplexing schemes (such as Vertical - Bell
Labs LAyered Space-Time Architecture (VBLAST)) to the channel spatial correlation. Per-
formance results have outlined differences between OFDM and SCFDE in the application
of Space-Frequency (SF) techniques and in the trade-off diversity-multiplexing.
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Dansk Resumé
Denne PhD afhandling giver et selvstændigt bidrag til anvendelsen af multi-antenna teknikker
til Frequency Domain Equalization (FDE) baserede systemer og specielt til Single Carrier
- Frequency Domain Equalization (SCFDE) systemer, der har vist sig som et attraktivt
alternativ til Orthogonal Frequency Division Multiplexing (OFDM) i fremtidige trådløse
systemer. Afhandlingen fokuserer hovedsageligt på den mest hensigtsmæssige applikation
af multi-antenna teknikker til SCFDE. På trods af de mange ligheder mellem OFDM
og SCFDE systemer, kan især multi-antenna teknikker, der opererer i rum- og frekvens-
domænet (enten diversity-only, hybrid diversity-multiplexing and advanced Linear Disper-
sion Codes (LDC)), og som repræsenterer attraktive løsninger for OFDM systemer i speci-
fikke udbredelsesscenarier (f.eks. med meget tidsvarierende kanaler), ikke let (dvs. uden
at indskrænke modtager/sender kompleksiteten) udvikles til SCFDE systemer. I SCFDE
systemer er der faktisk ikke direkte adgang til senderens subcarriers, medmindre der ud-
føres Fast Fourier Transform (FFT) og Inverse Fast Fourier Transform (IFFT), hvilket
forhøjer senderens/modtagerens kompleksitet. Det foreliggende arbejde løser dette prob-
lem ved at foreslå nye forbehandlingsteknikker med lav kompleksitet (dvs. kompleksitet der
er sammenlignelig med space-time teknikker). Særlig interessant er forlængelsen af LDC
til SCFDE systemer i frekvensområdet. Afhandlingen præsenterer en metode til opbygning
af de lineære space-time fordelingsmatricer, der benyttes af senderen som en funktion af
den ønskede fordelingsmatrice i rum- og frekvensområdet. Ydelsessammenligningen viser
vi
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deres egnethed i en bred vifte af udbredelsesscenarier (størrelsen af kanalens frequency og
time diversity). Ydermere, kan ventetiden for modtagerens behandlingstid reduceres ved
at kode på tværs af antenner og subcarriers i stedet for på tværs af antenner og symbol-
perioder. Ved brug af space-time teknikker, skal modtageren vente i mere end én symbol-
periode før behandlingen. Afhandlingen omhandler også afvejningen mellem diversity og
multiplexing gain for både OFDM og SCFDE systemer. Helt konkret er to Joint Diver-
sity and Multiplexing (JDM) opbygninger, nemlig Spatial Multiplexing (SM)-Orthogonal
Space-Frequency Block Code (OSFBC) og SM-Quasi-orthogonal Space-Frequency Block
Code (QSFBC), foreslået og undersøgt med sigte på OFDM og SCFDE systemer. Lineære og
ikke-lineære modtagere baseret på de velkendte Zero Forcing (ZF), Minimum Mean Square
Error (MMSE) og Ordered Successive Interference Cancellation (OSIC) teknikker bliver
afledt og analyseret. Systemerne sammenlignes med hensyn til Frame Error Rate (FER) og
spektral effektivitet i et realistisk trådløst kanal scenarie vedrørende rumlig sammenhæng i
begge ender af transmissionsforbindelsen samt forekomsten af Line of Sight (LOS). Sammen-
ligninger viser, at de foreslåede opbygninger er mere robuste end originale rumlige multiplex-
ing konstruktioner (f.eks. Vertical - Bell Labs LAyered Space-Time Architecture (VBLAST)
vedrørende kanalens rumlige funktioner. Ydelsesresultaterne har vist forskellene mellem
OFDM og SCFDE i applikationen for Space-Frequency (SF) teknikker og i vurderingen af
diversity-multiplexing.
c© Nicola Marchetti, 2007
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Chapter 1
Introduction
1.1 General Framework
Current 3G systems based on the Wideband Code Division Multiple Access (WCDMA) and
cdma2000 radio-access technologies are gaining momentum in the mobile-communication
market. Over several years to come new enhancements and improvements will be gradually
introduced for the 3G systems, as part of the 3G evolution. In parallel to this work on the 3G
evolution there is also an increasing activity on defining a new radio-access technology, often
referred to as 4G, intended to be part of a future radio-communication network with expected
introduction in the 2013-2015 time span. In January 2004 the European WINNER project
was launched with a clear focus on defining a future ubiquitous radio-access technology [1].
Extensive work on future radio-access technologies is also carried out in other parts of the
world [2] [3].
A key requirement on a new radio-access technology is the provision of significantly
enhanced services by means of higher data rates, lower latency, etc., at a substantially
reduced cost, compared to current mobile-communication systems and their direct evolution.
As an example, within the WINNER project, data rates in the order of 100 Mbps for wide-
1
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area coverage and up to 1 Gbps for local-area coverage are set as targets. At the same time,
the delay/latency of the radio-access network should be limited to a few milliseconds.
The services that are expected to dominate the future radio-access systems are likely
to evolve from the services we see in the fixed networks already today, i.e. best effort and
rate-adaptive Transmission Control Protocol (TCP)-based services. In current 3G systems,
services are typically divided into different Quality of Service (QoS) classes. However in
order to support TCP data rates in the range 100-1000 Mbps, the requirements on delay
and packet-loss rates must be kept so stringent that for future radio-access systems it is
meaningless to set different requirements for real-time, quasi real-time, and non real-time
services.
Currently, it is not clear what spectrum a future radio-access technology is to be
operated in. It is anticipated that new spectrum will be allocated for a future radio-access
technology, e.g. in the 4-5 GHz band. However, it is highly desirable that a new radio-access
technology should also be deployable in other frequency bands, including existing 2G and 3G
spectrum. Thus, a new radio-access technology should support a high degree of spectrum
flexibility including, among other things, flexibility in terms of frequency-band-of-operation,
size of available spectrum, and duplex arrangement.
Based on the requirements discussed above it is possible to give some suggestions
about a future radio-access system:
• the Downlink (DL) transmission is OFDM-based with support for fast link adaptation
and time- and frequency-domain scheduling;
• the Uplink (UL) modulation is Single Carrier (SC)-based and with different pre-
filtering operations it is possible to operate in both a pure OFDM mode and a pure
SC mode;
• advanced antennas are integrated in the system design by means of LDC [4].
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IEEE 802.16 has considered the following multiple access schemes: Multi-Carrier (MC)-
based (Orthogonal Frequency Division Multiple Access (OFDMA)) and SC-based (Time
Division Multiple Access (TDMA)). Some recent studies have clearly shown that the ba-
sic issue is not OFDM (OFDMA) vs. SC (TDMA) but rather FDE vs. Time Domain
Equalization (TDE). FDE has several advantages over TDE in high mobility propagation
environments (usually with long tail channel impulse responses). We can also have a SC
transmission with FDE so more generally, the chosen approach should be FDE-based, keep-
ing an eye on other possibilities.
For channels with severe delay spread, FDE is computationally simpler than corre-
sponding TDE for the same reason OFDM [5] is simpler: because equalization is performed
on a block of data at a time, and the operations on this block involve an efficient FFT
operation and a simple channel inversion operation. Sari et al. [6] [7] pointed out that
when combined with FFT processing and the use of a cyclic prefix, a SC system with FDE
(SCFDE) has essentially the same performance and low complexity as an OFDM system.
It should also be noticed that a frequency domain receiver processing SC modulated data
shares a number of common signal processing functions with an OFDM receiver. In fact,
as it is pointed out in Chapter 2, SCFDE and OFDM modems can easily be configured to
coexist, and significant advantages may be obtained through such coexistence.
In next generation radio access, a very important role will be played by advanced
multiple antennas systems. The transmitter will have one or more antennas and will use an
algorithm consisting of four parts [8]:
• multi-user channel-dependent scheduling over several cells, which schedules the User
Terminal (UT)s connected to an Access-Point (AP) in a coordinated way, taking their
average/instantaneous channel properties and quality into account;
• stream multiplexing with per-stream rate control (similar to Selective Per-Antenna Rate
Control (S-PARC) [9]), which is used when the transmitter has more than one antenna
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and when multiplexing is more desirable than diversity;
• Transmit Diversity (TD) using LDC [4]. Transmit diversity requires that the trans-
mitter has more than one antenna and is used when more diversity is needed, at the
expense of possibly sacrificing some multiplexing gain. Each data stream can then be
spread in space and time to obtain the desired amount of diversity and multiplexing;
• higher order of sectorization (implemented using e.g. fixed multi-beam), which is used
when the transmitter has more than one antenna and when directivity is more desirable
than diversity or multiplexing.
1.2 Thesis Motivation
Since as mentioned above, for both DL and UL the candidates for future systems are FDE-
based, i.e. OFDM for DL and SCFDE for UL, and the multiple antenna techniques will be
a key component of next generation wireless systems, the study of Multiple Input Multiple
Output (MIMO) for FDE systems is very important.
While a lot of work has been done on the application of multiple antenna techniques
to OFDM, there are much less studies for SCFDE case. The extension of MIMO techniques
to SCFDE is straightforward in some cases, but it is complex for some schemes such as
the ones involving coding in frequency domain. In future wireless systems, the application
of diversity techniques where coding is done across antennas and subcarriers instead of
antennas and time, is important for two main reasons:
• SF schemes can fulfill the requirement of low latency, as Space-Time (ST) schemes
processing might not be suitable, since the receiver has to wait for more than one
symbol period before processing the received stream. This extra-delay can be reduced
when the coding is done across subcarriers. In this thesis the only latency considered
is the one possibly due to ST coding; this delay is in relation with other processing
Aalborg University, Center for TeleInFrastruktur (CTIF)
1.3 Original Contributions 5
delays (imposed by interleaving, channel coding, channel estimation etc.) whose study
is not an objective of the present work, and are left for further investigations;
• SF schemes can work efficiently over high mobility environments, where ST schemes
might fail (since they have to assume the channel constant over several symbol periods).
Therefore, one of the main objectives of this Thesis is the efficient introduction of space-
frequency diversity techniques for SCFDE systems. Furthermore, the requirement to have air
interfaces able to work in different propagation environments makes important the possibility
to use techniques that are able to get the best the trade-off diversity-multiplexing. Again, no
much work has been done in investigating this trade-off in SCFDE systems and, in spite of
the similarities between OFDM and SCFDE systems, different approaches might be needed
for the design of those MIMO techniques. Therefore, in the Thesis some schemes combining
diversity and multiplexing gain have been proposed and studied for both OFDM and SCFDE
systems, outlining the different behavior in different propagation environments.
1.3 Original Contributions
Several original contributions have been studied and are presented in this Thesis:
• the combination of SM [10] and Space-Frequency Block Code (SFBC) [11] for OFDM
(Section 3.3.1.1) has been proposed;
• the combination of SM and QSFBC for OFDM (Section 3.3.1.2) has been introduced.
QSFBC is the Quasi-Orthogonal Design (QOD) code of [12] applied to space and
frequency, instead of space and time (as done in [12]);
• the OFDM-SFBC technique has been extended to SCFDE (Section 4.2);
• the combination of SM and SFBC and the combination of SM and Space-Time Block
Code (STBC) [13] for SCFDE have been studied (Section 4.3);
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Table 1.1: Next generation wireless systems requirements and studied multi-antenna schemes
Requirement Scheme
high mobility SF-based
high rate SM
high reliability Space Diversity (SD)
rate-reliability trade-off JDM, LDC
low latency SF-based
• QSFBC has been extended to SCFDE (Section 4.3);
• SF (ST)-LDC have been extended to SCFDE (Chapter 5).
The studied schemes work differently for different scenarios, and pursue different aims, as
summarized in Table 1.1.
1.4 Thesis Outline
The present Thesis is organized as follows: the research field background is presented in
Chapter 2; the contribution on OFDM multiplexing and diversity joint scheme can be found
in Chapter 3; Chapter 4 is dedicated to the study of SCFDE-MIMO schemes; Chapter 5
studies the application of LDC to SCFDE systems; finally, conclusions and future perspec-
tives are outlined in Chapter 6.
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Chapter 2
Multi-Antenna Schemes in
FDE-based Radio Air Interfaces
2.1 Introduction
In the present Chapter, firstly the considered air interfaces, i.e. OFDM and SCFDE, are in-
troduced, compared and their possible coexistence in a real system is discussed. Afterwards,
the State-of-the-Art of multiple antenna techniques in OFDM and SCFDE is presented. In
particular, the trade-off between spatial multiplexing gain and spatial diversity gain is dis-
cussed. The latter topic in further developed in next Chapters of this Thesis.
2.2 Radio Air Interfaces
2.2.1 OFDM
OFDM is a special case of multicarrier transmission, where a single data stream is trans-
mitted over a number of lower-rate subcarriers. It is worth mentioning that OFDM can be
seen as either a modulation technique or a multiplexing technique. One of the main reasons
9
10 Chapter 2. Multi-Antenna Schemes in FDE-based Radio Air Interfaces
to use OFDM is to increase robustness against frequency-selective fading or narrowband
interference. In a single-carrier system, a single fade or interferer can cause the entire link
to fail, but in a multicarrier system, only a small percentage of the subcarriers will be af-
fected. Error Correction Coding (ECC) can then be used to correct for the few erroneous
subcarriers [5].
The word "orthogonal" indicates that there is a precise mathematical relationship
between the frequencies of the carriers in the system. In a normal Frequency-Division
Multiplexing (FDM) system, many carriers are spaced apart in such a way that the signals
can be received using conventional filters and demodulators. In such receivers, guard bands
are introduced in the frequency domain between the different carriers, which results in a
lowering of spectrum efficiency.
It is possible, however, to arrange the carriers in an OFDM signal so that the side-
bands of the individual carriers overlap and the signals are still received without adjacent
carrier interference. To do this the carriers must be mathematically orthogonal. The re-
ceiver acts as a bank of demodulators, translating each carrier down to dc, with the resulting
signal integrated over a symbol period to recover the raw data. If the other carriers all beat
down the frequencies that, in the time domain, have a whole number of cycles in the sym-
bol period T , then the integration process results in zero contribution from all these other
carriers. Thus, the carriers are linearly independent (i.e., orthogonal) if the carrier spacing
is a multiple of 1/T [5].
OFDM transmits multiple modulated subcarriers in parallel. Each occupies only a
very narrow bandwidth. Since only the amplitude and phase of each subcarrier are affected
by the channel, compensation of frequency selective fading is done by compensating, for
each subchannel, amplitude and phase. OFDM signal processing is carried out relatively
simply by using one IFFT at the transmitter and one FFT at the receiver.
Coding is required for OFDM systems, since in the presence of multipath, uncoded
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OFDM as it is, is not usable as certain subcarriers are subjected to frequency fades. In
fact the information carried by subcarriers which are heavily affected by fading can only be
reconstructed at the receiver by powerful channel coding methods, which however reduce
the bandwidth efficiency [14].
The OFDM transmission scheme has the following key advantages:
• OFDM is an efficient way to deal with multipath; for a given delay spread, the imple-
mentation complexity is significantly lower than that of a single-carrier system with a
time-domain equalizer;
• in relatively slow time-varying channels, it is possible to significantly enhance capacity
by adapting the data rate per subcarrier according to the Signal to Noise Ratio (SNR)
of that particular subcarrier;
• OFDM is robust against narrowband interference because such interference affects only
a small percentage of the subcarriers;
• OFDM makes single-frequency networks possible, which is especially attractive for
broadcasting applications.
On the other hand, OFDM has also some drawbacks with respect to SC modulation:
• OFDM is more sensitive to frequency offset and phase noise;
• OFDM has a relatively large Peak to Average Power Ratio (PAPR), which tends to
reduce the power efficiency of the Radio Frequency (RF) amplifier.
2.2.2 SCFDE
Adaptive equalizion in the time domain to compensate for Inter-Symbol Interference (ISI) [15]
in SC systems was pioneered in voiceband telephone modems and has been applied in many
other digital communications systems. Its main components are one or more transversal
c© Nicola Marchetti, 2007
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Figure 2.1: SCFDE with linear FDE
filters for which the number of adaptive tap coefficients is on the order of the number of
data symbols spanned by the multipath. For tens of Megasymbols per second and more
than about 30-50 symbols ISI, the complexity and required digital processing speed become
exorbitant, and this TDE approach becomes unattractive [16]. Therefore, for channels with
severe delay spread, equalizazion in the frequency domain might be more convenient since
the receiver complexity can be kept low.
Figure 2.1 shows conventional linear equalization, using a transversal filter with N
tap coefficients, but with filtering done in the frequency domain. The block length N is
usually chosen in the range of 64–2048 for both OFDM and SC-FDE systems.
A Cyclic Prefix (CP) is appended to each block of N symbols, exactly as in OFDM.
As an additional function, the CP can be combined with a training sequence for equalizer
adaptation. An IFFT returns the equalized signal to the time domain prior to the detec-
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tion of data symbols. Adaptation of the FDE’s transfer function can be done with Least
Mean Square (LMS), Recursive Least Squares (RLS), or Least Squares (LS) minimization
techniques, analogously to adaptation of time domain equalizers [17] [18].
2.2.3 Analogies and Differences between OFDM and SCFDE
There is a strong analogy between OFDM and SCFDE. With a frequency-domain equalizer
at the receiver, single-carrier systems can handle the same type of channel impulse responses
as OFDM systems. In both cases, time/frequency and frequency/time transformations are
made. The difference is that in OFDM systems, both channel equalization and receiver
decisions are performed in the frequency domain, whereas in SCFDE systems the receiver
decisions are made in the time domain, although channel equalization is performed in the
frequency domain.
From a purely channel equalization capability standpoint, both systems are equiv-
alent, assuming they use the same FFT block length. They have, however, an essential
difference: since the receiver decisions in uncoded OFDM are independently made on dif-
ferent carriers, those corresponding to carriers located in a region with a deep amplitude
depression will be unreliable. This problem does not exist for SCFDE, in fact once the chan-
nel is equalized in the frequency domain, the signal is transformed back to the time domain,
and the receiver decisions are based on the signal energy transmitted over the entire channel
bandwidth. In other words, the SNR value that dictates performance (assuming that residual
ISI is negligible) corresponds to the average SNR of the channel. In fact, as noted in [7],
the effect of the deep nulls in the channel frequency response is spread out over all symbols
by the IFFT operation. Consequently, the performance degradation due to a deep notch in
the signal spectrum remains small with respect to that suffered by OFDM.
The foregoing analysis indicates that with FDE, SC transmission is substantially
superior to OFDM signaling. Without channel coding, OFDM is in fact not usable on
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fading channels, as deep notches in the transmitted signal spectrum lead to an irreducible
Bit Error Rate (BER). In order to work satisfactorily, OFDM requires ECC with frequency-
domain interleaving so as to scatter the signal samples falling in a spectral notch. In this
case, the interleaver uniformly distributes the low-SNR samples over the channel bandwidth.
In contrast, SCFDE can work without ECC.
The main hardware difference between OFDM and SCFDE is that for SCFDE the
transmitter’s IFFT block is moved to the receiver. The complexities are the same. Both
OFDM and SCFDE can be enhanced by adaptive modulation and space diversity [19].
The use of SC modulation and FDE by processing the FFT of the received signal
has several attractive features:
• SC modulation has reduced PAPR requirements with respect to OFDM, thereby al-
lowing the use of less costly power amplifiers;
• its performance with FDE is similar to that of OFDM, even for very long channel
delay spread;
• frequency domain receiver processing has a similar complexity reduction advantage
with respect to that of OFDM: complexity is proportional to log of multipath spread;
• coding, while desirable, is not necessary for combating frequency selectivity, while it
is needed in nonadaptive OFDM;
• SC modulation is a well-proven technology in many existing wireless and wireline
applications, and its RF system linearity requirements are well known.
Comparable SCFDE and OFDM systems would have the same block length and CP lengths.
The CP at the beginning of each block (Figure 2.2), used in both SCFDE and OFDM
systems, has two main functions:
• it prevents contamination of a block by ISI from the previous block;
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Figure 2.2: Block Processing in FDE
• it makes the received block appear to be periodic of period N , which is essential to
the proper functioning of the FFT operation.
If the first and the lastNCP symbols are identical unique word sequences of training symbols,
the overhead fraction is 2NCPN+2NCP .
2.2.4 Interoperability of SCFDE and OFDM
Figure 2.3 shows block diagrams for OFDM and SC systems with linear FDE. It is evident
that the two types of systems differ mainly in the placement of the IFFT operation: in
OFDM it is placed at the transmitter to multiplex the data into parallel subcarriers; in SC
it is placed at the receiver to convert FDE signals back into time domain symbols. The signal
processing complexities of these two systems are essentially the same for equal FFT block
lengths [16]. A dual-mode system, in which a software radio modem can be reconfigured
to handle either SC or OFDM signals, could be implemented by switching the IFFT block
between the transmitter and receiver at each end of the link, as suggested in Figure 2.4.
There may actually be an advantage in operating a dual mode system, wherein the base
station uses an OFDM transmitter and an SC receiver, and the subscriber modem uses an
SC transmitter and an OFDM receiver, as illustrated in Figure 2.5. This arrangement -
OFDM in the downlink and SC in the uplink - has two potential advantages [16]:
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Figure 2.4: Potential interoperability of SCFDE and OFDM: a "convertible" modem
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Figure 2.5: Coexistence of SCFDE and OFDM: uplink/downlink asymmetry
• concentrating most of the signal processing complexity at the hub or base station. The
hub has two IFFTs and one FFT, while the subscriber has just one FFT;
• the subscriber transmitter is SC, and thus inherently more efficient in terms of power
consumption due to the reduced power backoff requirements of the SC mode. This
may reduce the cost of a subscriber’s power amplifier.
2.3 Multi-Antenna Techniques: State-of-the-Art
Multiple antennas can be used at both ends of a wireless transmission system to exploit
the spatial dimension either to get diversity gain via SD techniques or to get multiplexing
gain via SM techniques, or a combination of them. SD schemes provide higher SNR at the
receiver, whereas SM schemes provide higher rate.
Traditionally, multiple antennas have been used to better exploit the diversity due
to the multipath phenomena. Each pair of transmit and receive antennas provides a signal
path from the transmitter to the receiver. By sending signals that carry the same infor-
mation through different paths, multiple independently faded replicas of the data symbol
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can be obtained at the receiver end; hence, more reliable reception is achieved. For exam-
ple, in a slow Rayleigh-fading environment with one transmit and NR receive antennas, the
transmitted signal is passed through NR different paths. It is well known that if the fading
is independent across antenna pairs, a maximal diversity gain (advantage) of NR can be
achieved: the average error probability can be made to decay like 1/ρNR at high SNR ρ, in
contrast to the ρ−1 for the single-antenna fading channel [20]. The underlying idea is aver-
aging over multiple path gains (fading coefficients) to increase the reliability. In a system
with NT transmit and NR receive antennas, assuming the path gains between individual
antenna pairs are independent and ideally identically distributed (i.i.d.) Rayleigh faded, the
maximal diversity gain is NTNR, which is the total number of fading gains that one can
average over.
Transmit SD schemes have multiple antennas at the transmitter, and may have only
one or more than one receive antennas, whereas SM schemes must have multiple antennas
at both sides. The SD schemes do not require any channel information at the transmitter,
thus, they can be implemented at fairly low system complexity and signaling overhead.
Transmit and receive diversity are means to combat fading. A different line of thought
suggests that in a MIMO channel, fading can in fact be beneficial, through increasing the
degrees of freedom available for communication [21], [22]. Essentially, if the path gains be-
tween individual transmit-receive antenna pairs fade independently, the channel matrix is
well conditioned with high probability, in which case multiple parallel spatial channels are
created. Therefore, in rich scattering environment, the independent spatial channels can
be exploited to send multiple signals at the same time and frequency, resulting in higher
spectral efficiency. By transmitting independent information streams in parallel through
the spatial channels, the data rate can be increased. This effect is also called spatial mul-
tiplexing [23], and is particularly important for the high-SNR regime where the system is
degrees-of-freedom limited (as opposed to power limited). Foschini [21] has shown that in
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the high-SNR regime, the capacity of a channel with NT transmit antennas, NR receive
antennas, and i.i.d. Rayleigh-faded gains between each antenna pair, is given by:
C(ρ) = min(NT , NR)log ρ+O(1) (2.1)
where ρ is the SNR. The number of degrees of freedom is thus the minimum of NT and
NR. In recent years, several schemes have been proposed to exploit the spatial multiplexing
phenomenon (for example, Bell labs LAyered Space Time (BLAST) [21]).
SM schemes can be either Channel State Information (CSI) assisted or non-CSI
based, i.e. so called blind SM schemes. Typical CSI assisted systems are Singular Value
Decomposition (SVD) based SM, eigen-mode MIMO etc. These schemes provide higher
system capacity, but require a feedback path, thus they are more complex and difficult to
implement.
Blind SM schemes can have different kinds of receivers:
1. Linear ZF or MMSE: simple receiver, but poor performance [24];
2. Non-linear Maximum Likelihood (ML): optimal and most complex receiver [25][26];
3. Non-linear OSIC with ZF or MMSE nulling: sub-optimal receiver [10].
The need for high data-rate in wireless communication systems has as a consequence
the increase in the attention for MIMO techniques. A problem in high data rate wireless
communications is the ISI of the signal caused by multipath propagation. This is particu-
larly challenging when high data rates are requested because of the short duration of the
information symbols: to solve this problem equalization is needed. Traditionally this equal-
ization is performed in time domain (TDE), but increasing data rates lead to huge increase
in complexity. The alternative approach of FDE guarantees the complexity minimization
of the multi-dimensional equalization process required in a wideband MIMO system. As
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mentioned above, FDE is used in two recent years approaches to counteract ISI: OFDM
and SCFDE.
2.3.1 Multi-Antenna in OFDM
Most of the available MIMO techniques are effective in frequency flat scenarios [27][28].
All these narrowband algorithms can be implemented on OFDM sub-carrier level, because
OFDM converts a wideband frequency selective channel into a number of narrowband sub-
carriers. In other words, OFDM turns a frequency-selective MIMO fading channel into a
set of parallel frequency-flat MIMO fading channels. So, in wideband scenarios, OFDM can
be combined with MIMO systems, for both diversity and multiplexing purposes [29]. In
frequency selective environments, amalgamation of SM and OFDM techniques can be a po-
tential source of high spectral efficiency at reasonable complexity. MIMO-OFDM drastically
simplifies equalization in frequency-selective environments.
Let us assume an OFDM-MIMO system with NT transmit antennas, NR receive
antennas and N subcarriers. The input-output relation for the MIMO system for the kth
tone, k = 1, . . . , N may be expressed as:
Yk =
√
PT
NT
Hksk +Nk (2.2)
where Yk and Nk are NR × 1 vectors, Hk is a NR × NT matrix, sk is a NT × 1 vector,
and PT is the total transmit power. The matrix Hk is the frequency response of the matrix
channel corresponding to the kth tone.
From Equation (2.2) we can see that, just as in Single Input Single Output (SISO)
channels, OFDM-MIMO decomposes the otherwise frequency selective channel of band-
width B into N orthogonal flat fading MIMO channels, each with bandwidth B/N (see
Figure 2.6) [25]. MIMO signaling treats each OFDM tone as an independent narrowband
frequency flat channel. We must take care to ensure that the modulation and demodula-
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N
T
N
R
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Figure 2.6: Schematic of MIMO-OFDM. Each OFDM tone admits NT inputs and NR outputs
tion parameters (carrier, phasing, FFT/IFFT, prefixes, etc.) are completely synchronized
across all the transmit and receive antennas. With this precaution, every OFDM tone can
be treated as a MIMO channel, and the tone index can be treated as a time index in the
already existing ST techniques.
Multiple antennas systems for OFDM based 4G systems can be broadly classified
into three categories:
• Diversity combining, which is employed to mitigate fading and increase link reliability;
• Spatial multiplexing, which is used to increase data rate;
• Smart array processing, such as Beamforming (BF), which aims at increasing receiving
power and rejecting unwanted interference.
2.3.1.1 Space Diversity
TD-OFDM system model is shown in Figure 2.7. ST diversity schemes map directly to
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Figure 2.7: Transmit Diversity for OFDM
OFDM by applying these coding techniques on a per tone basis across OFDM symbols in
time exactly as in SC modulation. However, this requires that channel remains constant
over T OFDM symbol periods. Since the duration of an OFDM symbol N+NCPfs is usually
large, this may be impractical (fs is the sampling frequency).
For example, assuming a set of WiMAX parameters [30], i.e. N = 128, NCP = 16,
fs = 1.429 Msps, the OFDM symbol duration is Ts = N+NCPfs =
128+16
1.429e6 = 100.77 µs. At the
speed of v = 150 Kmph= 41.66 m/s, the maximum Doppler shift fm = vcfc =
41.66
3e8 3.5e9 =
486 Hz, where c is the speed of light and fc is the carrier frequency. Therefore, the coherence
time [31] is Tc = 916pifm = 368 µs. To verify the Alamouti’s assumption of channel constance
over two symbols periods, we have to compare 2Ts with the coherence time Tc: since it is
only 2Ts < Tc and not 2Ts << Tc, it is risky to take for granted this assumption.
The possibility to access the frequency-domain in OFDM systems suggests to code
also in space and frequency, not only in space and time: diversity techniques designed for
SC modulation over flat fading channels are easily extended to OFDM modulation with the
time index for SC modulation replaced by the tone index in OFDM. As an example, let
us consider the Alamouti scheme, which extracts full spatial diversity in absence of channel
knowledge at the transmitter with NT = 2. The implementation of the Alamouti scheme
requires that the channel remains constant over two consecutive symbol periods. Alamouti
scheme applied in space and frequency domains is an example of SFBC schemes. In SFBC
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Figure 2.8: Spatial Multiplexing for OFDM
schemes, the requirement of the channel being constant over consecutive symbols becomes a
requirement over consecutive tones, i.e. Hk = Hk+1. The receiver detects the transmitted
symbols from the signal received on the two tones using the Alamouti detection technique.
The use of consecutive tones is not strictly necessary, any pair of tones can be used as long
as the associated channels are equal. The technique can be generalized to extract spatial
diversity over a larger number of antennas by using the ST techniques developed for SC
modulation: in that case we need a block size T ≥ NT and the channel must be identical
over the T tones.
2.3.1.2 Spatial Multiplexing
SM-OFDM system model is shown in Figure 2.8. Analogously to SM for MIMO systems
with SC modulation, the objective of SM in conjunction with MIMO-OFDM is to achieve
the spatial rate R = NT by transmitting parallel streams [26]. Thus, NNT scalar data
symbols are transmitted over one OFDM symbol, with NT symbols being transmitted over
each subcarrier. Thus SM in MIMO-OFDM system reduces to SM over each tone. The
receiver architecture for SM is identical to that for SC modulation. As in SC case we require
that NR ≥ NT in order to support the symbol streams reliably.
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2.3.1.3 Beam-Forming
In a BF system, the weights to be multiplied with the signals have to be carefully chosen.
From antenna theory, an array with NT antenna elements has different excitation currents
according to the direction of the waves arriving or departing from each element of the array.
Considering linear phase progression, the weights have a phase that increases the same
amount from one element to the next. Usually, BF is treated in literature as a method for
increasing array gain when receiving signals from a specific direction. Direction of Arrival
(DoA) is the angle of the wave arriving to the antenna.
Since it is more feasible to have multiple antennas at the Base Station (BS) than
at the Mobile Station (MS), it makes sense to place the beamformer at the BS i.e. at the
transmitter side in case of DL [32]. This will bring additional complications if it is assumed
that there is complete channel knowledge at the receiver, but not at the transmitter. In order
to solve this problem, the DL-BF technique can extract the weights to be used in DL from the
weights calculated in UL. This method can be used in Time Division Duplex (TDD) systems
without losing performance. However, in Frequency Division Duplex (FDD) systems, as a
consequence of the frequency dependent steering array response and uncorrelated fading,
the UL weight reuse in DL degrades system’s performance, since the frequency for UL is
different from the one used in DL. A block diagram showing the implementation of DL-BF
in an OFDM transmitter is presented in Figure 2.9.
2.3.2 Multi-Antenna in SCFDE
Several works have recently investigated the combination of MIMO schemes and SCFDE
modulation, from different points of view: equalizer [33] [34] and receiver design [35], interac-
tion with Trellis Coded Modulation (TCM) and interleaving [36], investigation in multi-user
scenario [37].
The key architectural difference between a MIMO-OFDM system and a MIMO-
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SCFDE system, namely the order in which the IFFT operation is executed, as outlined in
Figure 2.10 and Figure 2.11. Other differences between the SCFDE and OFDM architectures
include the implementation of the Viterbi decoder and the design of transmit and receive
filters [38].
2.3.2.1 Space Diversity
STBC-SCFDE system model is shown in Figure 2.12. By following the encoding rule [13]:
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x1(t) = [x1,0, x1,1, . . . , x1,N−1]T (2.3)
x2(t) = [x2,0, x2,1, . . . , x2,N−1]T (2.4)
x1(t+ T ) =
[−x∗2,0,−x∗2,N−1, . . . ,−x∗2,1]T (2.5)
x2(t+ T ) =
[
x∗1,0, x
∗
1,N−1, . . . , x
∗
1,1
]T (2.6)
and because of the FFT properties, we obtain in the frequency domain the same Alamouti
structure than for OFDM. The equalized symbol vector has the expression:
 X̂1
X̂2
 =
 W 0
0 W

 X˜1
X˜2
 (2.7)
where X˜1 and X˜2 are the symbol vectors after Maximal Ratio Combining (MRC) and in
the case of MMSE equalizer we have:
W(i, i) =
√
NT /PT
|Λ1(i, i)|2 + |Λ2(i, i)|2 + NTρ
(2.8)
where Λi, i = 1, 2 are N × N diagonal matrices whose (l, l)th entries are equal to the lth
FFT coefficients of the Channel Impulse Response (CIR)s hi, i = 1, 2, and ρ = PT /σ2, with
PT total power of the transmitted signal, and σ2 variance of the complex Gaussian noise
process at one receive antenna. We then go back to the time domain by applying the IFFT:
 x̂1
x̂2
 =
 QH 0
0 QH

 X̂1
X̂2
 (2.9)
where Q is the orthonormal N × N FFT matrix, i.e. Q(k, l) = 1√
N
e−j
2pi
N
(k−1)(l−1), 1 ≤
k, l ≤ N .
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2.3.2.2 Spatial Multiplexing
SM-SCFDE system model is shown in Figure 2.13. The SCFDE-SM equalized vectors are:
 X̂1
X̂2
 =W
 Y1
Y2
 (2.10)
whereY1 andY2 are the vectors received at the two receive antennas andW is the equalizer
which for MMSE is:
W =
√
NT
PT
ΛH
(
ΛΛH +
NT
ρ
I2N
)−1
(2.11)
where:
Λ =
 Λ1,1 Λ1,2
Λ2,1 Λ2,2
 (2.12)
is the MIMO channel matrix with Λi,j diagonal matrix containing the frequency responses
of the N subcarriers between jth transmit and ith receive antenna and ρ is defined as before.
At this point there is the IFFT block, as in Equation (2.9).
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2.4 Trade-off between Spatial Multiplexing and Spatial Diver-
sity
A MIMO system can provide several types of gains. In this Thesis, the focus is on diversity
gain and spatial multiplexing gain. There are schemes which switch between these two
modes, depending on the instantaneous channel condition [39]. However, maximizing one
type of gain may not necessarily maximize the other. In fact, each of the two design goals
addresses only one aspect of the problem. This makes it difficult to compare the performance
between diversity-based and multiplexing-based schemes.
In [20] a different viewpoint is put forth, i.e. given a MIMO channel, both gains can
be simultaneously obtained, but there is fundamental tradeoff between how much of each
type of gain any coding scheme can extract: higher spatial multiplexing gain comes at the
price of sacrificing diversity. The focus of [20] is on high-SNR regime. A scheme is said to
have a spatial multiplexing gain r and a diversity advantage d if the rate of the scheme scales
like rlog ρ and the average error probability decays like 1/ρd, where ρ is the SNR. Clearly, r
cannot exceed the total number of degrees of freedommin(NT , NR) provided by the channel,
and d(r) (the diversity gain which the trade-off curve associates to the multiplexing gain r)
cannot exceed the maximal diversity gain NTNR of the channel. The tradeoff curve bridges
between these two extremes, as can be seen in Figure 2.14.
The specific study-cases that will address the multiplexing-diversity trade-off issue
in this Thesis are JDM schemes, in Chapter 3 and Section 4.3, and LDC in Chapter 5.
The trade-off studies are triggered based on the fact that none of the schemes mentioned
above can become an absolute choice for best system performance in all scenarios. To be
more precise, a user located very close to access point can better exploit the multiplexing
benefits, while a user at farther location may benefit more by using diversity schemes: to
explore what is in between is one of the main research goals of this Thesis. Moreover, in
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some scenarios it might be more convenient to apply the coding in the frequency instead of
time domain and the extension of space-frequency techniques to SCFDE systems, which is
not straightforward, is also addressed in this Thesis.
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Chapter 3
Combining Diversity and
Multiplexing in OFDM
3.1 Introduction
A balance goal of fading mitigation and high data rate suggests the investigation of practical
designs that can provide both spatial diversity and spatial multiplexing gains. Such designs
should be compared with diversity-only and multiplexing-only designs.
The presence of multipath propagation and hence the availability of frequency-
diversity generally allows to increase the spatial signaling rate, i.e. to use the multiple
antennas to multiplex independent data streams rather than to provide spatial diversity. It
is therefore desirable to allocate the channel’s degrees of freedom in space and frequency in
a flexible way to multiplexing and diversity transmission modes [40].
In a cellular wireless system, the OFDM-STBC [41] and OFDM-SFBC [11] can be
used to increase the resultant SNR at the receiver, thus increasing the coverage area: these
schemes are good for users at locations farther from the BS. On the other hand, only users
located near to the BS can get the rate advantages of SM techniques, which work efficiently
35
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only at high SNRs [39] [42]. Some effort has been already spent in finding techniques to
achieve both multiplexing and diversity benefits. MIMO switching schemes, such as [39], are
well studied and examined. In switching schemes, either SM or SD schemes are optimally
chosen based on some specific selection criterion, so that optimum benefits from both type
of schemes can be obtained in the system. This kind of combination is implemented as a
time division technique. In recent years, combining SM and SD schemes in the same scheme
has gained a lot of interest, because in this case both diversity and multiplexing benefits are
available at the same time.
In the present Chapter, a new scheme combining SM and SFBC in OFDM is intro-
duced, trying to achieve both multiplexing and diversity gains, while keeping the latency
low.
3.2 JDM Schemes
Schemes that combine SM and SD are hereafter referred as JDM. Let us denote with: P
the number of SM branches, ∆ the number of transmit antennas per SM branch, NT = P∆
the total number of transmit antennas. We can combine SM and SD, such as SFBC, in one
structure in the following ways:
1. P,NR = arbitrary, ∆ =2, Alamouti scheme at every SM branch, thus, 2P × NR
Spatially-Multiplexed Orthogonal Space-Frequency Block Coding (SM-OSFBC) sys-
tems.
2. P,NR = arbitrary, ∆ > 2, Orthogonal partial rate SFBC scheme at every SM branch,
thus, P∆ × NR SM-OSFBC systems. These schemes lose SM benefits because of
partial rate SFBC, so they are not considered in this work;
3. P,NR = arbitrary, ∆ > 2, Quasi-orthogonal full rate SFBC scheme at every SM
branch, thus, P∆×NR Spatially-Multiplexed Quasi-orthogonal Space-Frequency Block
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Coding (SM-QSFBC) systems.
When coding across space and time is envisioned, we can have Spatially-Multiplexed
Orthogonal Space-Time Block Coding (SM-OSTBC) or Spatially-Multiplexed Quasi-orthogonal
Space-Time Block Coding (SM-QSTBC) systems.
Recently there are some approaches of incorporating the VBLAST technique with
some well known Space-Time Coding (STC) techniques. One such work is described in [43],
where a combination of SD and SM for MIMO-OFDM system is proposed. Arguably, the
performance of such a JDM system would be better than SD only or SM only schemes.
In [43], the SM-OFDM system uses two independent STC for two sets of transmit antennas.
Thus, an original 2× 2 SM-OFDM system is now extended to 4× 2 STC aided SM-OFDM
system. At the receiver, the independent STCs are decoded first using pre-whitening, fol-
lowed by maximum likelihood detection. Again, this increases the receiver complexity quite
a lot, though the system performance get much better.
In later work, Alamouti’s STBC is combined with SM for OFDM system in [44], and
a linear receiver is designed for such a combination. The proposed hybrid SM-STBC design
is found to be a good design choice, when compared with SM-only or diversity-only STBC
designs. There are many diversity-only strategies that are applicable to OFDM. A "full-
diversity full-rate" diversity-only strategy for the case of two transmit antennas (NT = 2)
is the Alamouti STBC [45]. A "full-rate diversity" scheme is here defined as a diversity
scheme providing rate 1, as in the case of Alamouti, which transmits 2 symbols each 2 time
periods (of course, a full-rate diversity scheme is not a full rate scheme generally speaking,
since e.g. compared to a 2 × 2 SM scheme, Alamouti is half-rate). For the general case of
NT > 2, however, if a diversity-only design is adopted, only 12 -rate full-diversity STBCs exist.
Meanwhile, quasi-orthogonal partial-diversity full-rate STBCs are proposed in [12]. An
interesting question to which [44] tries to answer is whether the transmit diversity exploited
by a full-diversity NT = 4 STBC provides a meaningful gain over the NT = 2 STBC or a
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partial-diversity STBC, especially in presence of frequency diversity in coded OFDM.
For a SM-OSTBC scheme similar to the one studied in this Chapter, a non-linear
receiver is mentioned in [46]. The main concentration of [46] is on switching between MIMO
techniques, i.e. between SD only, SM only and SM-OSTBC schemes. Choosing antenna pairs
in SM-OSTBC scheme based on correlation criterion is studied in [47]. Adaptive Modulation
and Coding (AMC) applied to SM-OSTBC is studied in [48]. Detection schemes for SM-
OSTBC system are analyzed in [49], where linear ZF and QR decomposition based receivers
are discussed.
3.3 Proposed Space-Frequency JDM Schemes for OFDM
Following the upper-mentioned trends, we have combined SFBC with SM for OFDM (let
us call this scheme OFDM SF-JDM scheme). In SFBC, the coding is done across the sub-
carriers inside one OFDM symbol duration, while STBC applies the coding across a number
of OFDM symbols equal to number of transmit antennas. Therefore an inherent processing
delay is unavoidable in STBC [50] and the absence of this delay is one of the advantages
of SFBC. A linear receiver for SM-OSFBC system with ZF and MMSE criterion has been
analyzed: this linear receiver is very similar to the receiver structure for SM-OSTBC scheme
in [44]. The OSIC receiver with ZF and MMSE criterion has been derived, and its FER
performance is compared with the linear receiver via simulations. For SM-QSFBC scheme,
OSIC receiver with ZF and MMSE is derived, analyzed and simulated. To the best of our
knowledge, SM-QSFBC scheme has not been studied and analyzed before this work. It is
worth noting here that the OSIC approach taken in this work is similar to original BLAST
algorithm in [10]. With the understanding of different receiver structures, the impact of
spatial correlation has been investigated. The considered causes for correlation are the
insufficient interelement distance at both sides of transmission, and the presence of LOS
component in wireless channel.
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3.3.1 System Model
3.3.1.1 SM-OSFBC Transmission Scheme
In this Section, the transmission structure of the JDM scheme based on combining SM and
OSFBC will be explained. A linear two-stages receiver is proposed, which is an extension of
the LS receiver in [44], where the linear reception technique is used for SM-OSTBC system
based on ZF and MMSE criteria, on sub-carrier by sub-carrier basis. Then a non-linear
Successive Interference Cancellation (SIC) receiver is derived, where the detection is based
on both ZF and MMSE nulling.
Transmitter
The number of available transmit SM branches and receive antennas are denoted as P , and
NR, respectively. N is the number of sub-carriers in the system. p, q and k are the indices
for transmit SM branch, receive antenna and sub-carrier group, respectively. For every pth
SM branch, an orthogonal block coding across the sub-carriers is implemented.
Figure 3.1 depicts the basic transceiver architecture. Firstly source bits are Forward
Error Correction (FEC) coded. The coded bits stream is baseband modulated using an
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appropriate constellation, such as Binary Phase Shift Keying (BPSK), Quadrature Ampli-
tude Modulation (QAM) etc. These baseband modulated symbols are denoted as m. The
sequence of m is demultiplexed into m1, . . . ,mP vectors. mp is transmitted via pth spatial
channel and can be written as mp =
[
mp,1 mp,2 . . . mp,N−1 mp,N
]T
.
For every pth SM branch, a block coding across the sub-carriers is implemented, thus
SFBC is included in the system. For pth SM branch, we have ∆p number of antennas where
SFBC can be implemented. When ∆p = ∆, ∀p, then there are NT = ∆ · P number of
transmit antennas at the transmission side. If well-known Alamouti coding [45] is used
across the sub-carriers, then ∆ = 2.
For pth SM branch, mp is coded into two vectors m
(δ)
p , with δ = 1, 2. Thus, the
output of the SFBC encoder block of the pth SM branch will be:
m(1)p =
[
mp,1 −m∗p,2 . . . mp,N−1 −m∗p,N
]T
(3.1)
m(2)p =
[
mp,2 m
∗
p,1 . . . mp,N m
∗
p,N−1
]T
(3.2)
Let us define:
mp,o =
[
mp,1 mp,3 . . . mp,N−3 mp,N−1
]T
(3.3)
mp,e =
[
mp,2 mp,4 . . . mp,N−2 mp,N
]T
(3.4)
Using these equations, it can be written that:
m(1)p,o =mp,o; m
(1)
p,e = −m∗p,e (3.5)
m(2)p,o =mp,e; m
(2)
p,e =m
∗
p,o (3.6)
After SM and SFBC operations, IFFT modulation is performed and CP is added
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before transmission via the respective transmit antenna. Transmitted time domain samples,
x(δ)p , can be related to m
(δ)
p as x
(δ)
p = FH{m(δ)p }, where FH is the IFFT matrix.
Two-Stage Linear Receiver
In [51], a two stage interference cancellation receiver scheme for STBC is presented. This
receiver treats one of the branches as the interfering source for the other one. This receiver
is used to derive a linear reception technique for SM-OSTBC system in [44]. In this work,
a similar receiver structure for our SM-OSFBC system is adopted.
After DFT demodulation, the frequency-domain sub-carrier signal can be expressed
as:
zq =
2∑
δ=1
P∑
p=1
h(δ)q,p m(δ)p + nq (3.7)
where h(δ)q,p denotes the Channel Transfer Function (CTF) vector of the wireless channel
between qth receive antenna and δth SFBC antenna of pth SM branch, nq is the frequency-
domain sample of the received noise at qth received branch, and  means element-wise
multiplication.
We can divide zq in odd and even components ∀q, q = 1, 2. Using Equations (3.3)-
(3.4), it can be expressed:
zq,o = h
(1)
q,1,o m1,o + h(2)q,1,o m1,e + . . .+ ... (3.8)
h(1)q,P,o mP,o + h(2)q,P,o mP,e + nq,o
zq,e = −h(1)q,1,e m∗1,e + h(2)q,1,e m∗1,o + . . .− ... (3.9)
h(1)q,P,e m∗P,e + h(2)q,P,e m∗P,o + nq,e
For sake of simplicity, P = 2 and NR = 2. It is straightforward to extend this analysis
to higher number of transmit and receive antennas. Let us introduce the NR × 1 column
vectors, h(δ)p,o,h
(δ)
p,e, zo, ze, whose qth components are respectively, the odd and even elements of
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zk =

z1,o
z2,o
z∗1,e
z∗2,e
 =

h
(1)
11,o h
(2)
11,o h
(1)
12,o h
(2)
12,o
h
(1)
21,o h
(2)
21,o h
(1)
22,o h
(2)
22,o
h
(2)∗
11,e −h(1)∗11,e h(2)∗12,e −h(1)∗12,e
h
(2)∗
21,e −h(1)∗21,e h(2)∗22,e −h(1)∗22,e


m1,o
m1,e
m2,o
m2,e
+

n1,o
n2,o
n∗1,e
n∗2,e

=
[
zo
z∗e
]
k
=
[
h(1)1,o h
(2)
1,o h
(1)
2,o h
(2)
2,o
h(2)∗1,e −h(1)∗1,e h(2)∗2,e −h(1)∗2,e
]
k

m1,o
m1,e
m2,o
m2,e

k
+
[
no
n∗e
]
k
(3.10)
CTF between δth transmit antenna of the pth SM branch and qth receive antenna, and the odd
and even elements of received frequency domain signal at qth receive antenna. Furthermore,
we define the NR×1 column vectors, no,ne, whose qth components are respectively, the odd
and even elements of frequency-domain noise at qth receive antenna.
Using these notations above, (3.8) and (3.9) can be rewritten as (3.10), where a
subcarrier notation has been used, and it is understood that such a system model is intended
∀k ∈ [1, . . . , N2 ].
Coherence bandwidth and subcarriers spacing are denoted as Bc and ∆f , respec-
tively. We define severely frequency-selective scenario when coherence bandwidth is smaller
than a pair of subcarriers bandwidth, i.e. Bc < 2∆f . In this case, a concept called compan-
ion matrix is used.
Given a matrix A:
A =
 a11 a12
a21 a22
 (3.11)
the companion matrix A˜ is defined as:
A˜ =
 −aT22 aT12
aT21 −aT11
 (3.12)
The matrix pair formed by A and A˜ identifies a so called orthogonal pair. aij , ∀i, j,
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are column vectors of size m × 1, thus A and A˜ are matrices of sizes 2m × 2 and 2 × 2m
respectively.
Let us omit from now on the subcarrier index k. Equation (3.10) can be represented
as:
z = Hm+ n =
[
Hi |Hj
]
m+ n (3.13)
with:
Hi =
 h(1)1,o h(2)1,o
h(2)∗1,e −h(1)∗1,e
 , Hj =
 h(1)2,o h(2)2,o
h(2)∗2,e −h(1)∗2,e
 (3.14)
We denote the companion matrices of Hi and Hj as H˜i and H˜j , respectively. We
define a new matrix, H˜ =
[
H˜Ti H˜
T
j
]T
, with:
H˜i =
 h(1)H1,e h(2)T1,o
h(2)H1,e −h(1)T1,o
 , H˜j =
 h(1)H2,e h(2)T2,o
h(2)H2,e −h(1)T2,o
 (3.15)
At the beginning of the receiver, the received signal z is filtered with H˜ as it is shown
in (3.16):
z′ = H˜z = H˜ (Hm+ n) = H˜Hm+ H˜n (3.16)
=
 H˜i
H˜j
[ Hi |Hj ]m+ H˜n
The part H˜H can be extended as in Equation (3.17) where α′1 = h
(1)H
1,e h
(1)
1,o+h
(2)T
1,o h
(2)∗
1,e
and α′2 = h
(1)H
2,e h
(1)
2,o + h
(2)T
2,o h
(2)∗
2,e . G12 and −G21 form an orthogonal pair.
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H˜H =
[
α
′
1I2 G12
G21 α
′
2I2
]
(3.17)
G12 =
[
h(1)H1,e h
(1)
2,o + h
(2)T
1,o h
(2)∗
2,e h
(1)H
1,e h
(2)
2,o − h(2)T1,o h(1)∗2,e
h(2)H1,e h
(1)
2,o − h(1)T1,o h(2)∗2,e h(2)H1,e h(2)2,o + h(1)T1,o h(1)∗2,e
]
G21 =
[
h(1)H2,e h
(1)
1,o + h
(2)T
2,o h
(2)∗
1,e h
(1)H
2,e h
(2)
1,o − h(2)T2,o h(1)∗1,e
h(2)H2,e h
(1)
1,o − h(1)T2,o h(2)∗1,e h(2)H2,e h(2)1,o + h(1)T2,o h(1)∗1,e
]
Equation (3.16) can be written as:
z′ =
 α′1I2 G12
G21 α
′
2I2
m+ H˜n (3.18)
The LS receiver is modelled by the matrix:
W =
1
γ
 α′2I2 −G12
−G21 α′1I2
 (3.19)
where γ = α′1α
′
2 − [G12(1, 1)G12(2, 2)−G12(1, 2)G12(2, 1)]. Thus, the estimated symbol
vector can be written as:
m̂ =Wz′ =m+WH˜n (3.20)
Under the hypothesis of moderately frequency-selective scenario (Bc > 2∆f) it can
be assumed that h(δ)p,o = h
(δ)
p,e = h
(δ)
p,oe. Therefore, Equation (3.10) can be written as:
z =
 zo
z∗e
 = [ H1 |H2 ]m+ n (3.21)
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where:
H1 =
 h(1)1,oe h(2)1,oe
h(2)∗1,oe −h(1)∗1,oe
 , H2 =
 h(1)2,oe h(2)2,oe
h(2)∗2,oe −h(1)∗2,oe
 (3.22)
are two orthogonal matrices, such that:
HH1 H1 =
(
|h(1)1,oe|2 + |h(2)1,oe|2
)
I2 = α1I2 (3.23)
HH2 H2 =
(
|h(1)2,oe|2 + |h(2)2,oe|2
)
I2 = α2I2 (3.24)
where α1 = |h(1)1,oe|2 + |h(2)1,oe|2, α2 = |h(1)2,oe|2 + |h(2)2,oe|2 and I2 is the 2 × 2 identity matrix.
Similarly,
HH1 H2
(
HH1 H2
)H
= HH1 H2H
H
2 H1 = (a+ b)I2 (3.25)
where a = |h(1)H1,oe h(1)2,oe + h(2)T1,oe h(2)∗2,oe |2 and b = |h(1)H1,oe h(2)2,oe − h(2)T1,oe h(1)∗2,oe |2.
Now we can write the estimated symbol vector by using the LS estimator, i.e. by
multiplying the received symbol vector with the Moore-Penrose pseudo-inverse matrix for
H,
m̂ =
(
HHH
)−1
HHz
=
1
α1α2 − (a+ b)
 HH2 H2 −HH1 H2
−HH2 H1 HH1 H1

 HH1
HH2
 z (3.26)
Using the above definitions, we can express the Equation (3.26) as follows:
m̂ =
1
α1α2 − (a+ b)
 α2I2 −HH1 H2
−HH2 H1 α1I2

 HH1
HH2
 z (3.27)
The MMSE receiver can be implemented in the same simple way. Defining ρn as
the average SNR at each of the receive antennas, and the new constants β1 = α1 + P∆ρn ,
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Figure 3.2: Simplified data flow for OSIC receiver
β2 = α2 + P∆ρn then we can rewrite (3.27) as:
m̂ =
1
β1β2 − (a+ b)
 β2I2 −HH1 H2
−HH2 H1 β1I2

 HH1
HH2
 z (3.28)
OSIC-based Non-Linear Receiver
The basic transceiver architecture has been shown in Figure 3.1. In the case of OSIC-based
non-linear receiver, the detection part is shown in Figure 3.2. The key idea of the non-linear
receiver is to decode the symbol streams successively and extract them away layer by layer.
At the beginning of each stage, the stream with the highest SNR is chosen using ZF or
MMSE detection for peeling. Once one particular layer is decoded, then the effect of the
detected layer is subtracted from the received signal. From the remaining signal, the next
branch in terms of SNR strength is chosen. This is continued until the last layer is decoded.
This kind of non-linear detection is called OSIC [25],[10]. OSIC is performed on subcarrier
by subcarrier basis. On each subcarrier, the detection scheme appears to be very similar to
VBLAST detection, as derived in [10]. OSIC improves the detection quality compared to
detection without ordering and is shown to be optimal for SIC approach [25].
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The assumptions for this algorithm are the absence of errors propagation, the knowl-
edge of the channel at the receiver, and ideal inter-stream interference cancellation, i.e. no
residual of the interferent stream will be left after the cancellation operation.
We consider P = 2, ∆ = 2 and NR = 2. Considering the frequency domain, it can
be written:
zk = Hkmk + nk (3.29)
where:
Hk =

h
(1)
11,o h
(2)
11,o h
(1)
12,o h
(2)
12,o
h
(2)∗
11,e −h(1)∗11,e h(2)∗12,e −h(1)∗12,e
h
(1)
21,o h
(2)
21,o h
(1)
22,o h
(2)
22,o
h
(2)∗
21,e −h(1)∗21,e h(2)∗22,e −h(1)∗22,e

k
(3.30)
and zk =
[
z1,o , z
∗
1,e , z2,o , z
∗
2,e
]T
k
;mk = [m1,o , m1,e,m2,o , m2,e]Tk ; nk =
[
n1,o , n
∗
1,e , n2,o , n
∗
2,e
]T
k
with k ∈ [1, . . . , N2 ].
The OSIC receiver consists of two steps: nulling and cancellation. While implement-
ing the nulling operation, we consider two options, ZF and MMSE. For ZF, we calculate
the Moore-Penrose pseudo-inverse of the CTF:
Gk = [g1 g2 g3 g4]k =
√
∆P
PT
{
HHk Hk
}−1
HHk
=
√
4
PT
{
HHk Hk
}−1
HHk (3.31)
where PT is the total transmit power from all transmit antennas, while for the MMSE we
consider a kind of pseudo-inverse that considers also the noise term:
Gk =
√
4
PT
{
HHk Hk +
4σ2
PT
I4
}−1
HHk (3.32)
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where [gi]k is the ith column of Gk, σ2 is the noise variance at each receive antenna and I4
is the 4×4 identity matrix. For sake of simplicity, for both ZF and MMSE we have assumed
∆ = 2 and P = 2. At this stage, we calculate the metric:
l = arg min
l
{d1, d2} (3.33)
where d1 = c(1) + c(3), d2 = c(2) + c(4). For ZF the vector, c = [c(1) c(2) c(3) c(4)] =
diag
({HHk Hk}−1) and for MMSE the vector, c = [c(1) c(2) c(3) c(4)] = diag ({HHk Hk + 4σ2PT I4}−1).
If l = arg minl{d1, d2} = 1 then we decode first the stream associated to p = 1 by
doing
m̂1,k =
 m̂1,o
m̂1,e

k
=
 gH1
gH2

k
zk (3.34)
and the second stream by doing the following steps:
z
′
k = zk − [h1 h2]k
 m̂1,o
m̂1,e

k
(3.35)
H
′
k = [h3 h4]k (3.36)
H
′H
k H
′
k =
1
| h(1)12,o |2 + | h(2)12,o |2 + | h(1)22,o |2 + | h(2)22,o |2
I2
=
1
α
I2 (3.37)
m̂2,k =
 m̂2,o
m̂2,e

k
=
1
α
H
′H
k z
′
k (3.38)
where [hi]k is the ith column of Hk and I2 is the 2 × 2 identity matrix. Equation (3.35)
describes the cancellation operation, and in (3.37) neighboring subcarriers are assumed to
have identical channel frequency response. Exactly the dual procedure of (3.34)÷(3.38) has
to be applied if l = arg minl{d1, d2} = 2, to decode the second SM branch at the beginning
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and then the first one.
3.3.1.2 SM-QSFBC-OFDM Transmission Scheme
Transmitter
Similar to SM-OSFBC scheme, Figure 3.1 explains the basic transmitter architecture for
proposed SM-QSFBC system, with the receiver depicted in Figure 3.2. For ∆ > 2, such as
∆ = 4, we use quasi-orthogonal codes as in [12] for the studied SM-QSFBC system, so that
SM-rate of P is maintained. For pth SM branch, mp is coded into ∆ number of vectors,
m(δ)p ; δ = 1, . . . ,∆. After SM and QSFBC operations, IFFT modulation is performed and
CP is added before transmission via the respective transmit antenna. N subcarriers are
divided into N/4 groups of 4 subcarriers and on each group QSFBC is performed. Note that
NR ≥ P .
OSIC Receiver
The OSIC receiver for SM-QSFBC scheme is similar to the OSIC receiver for SM-OSFBC
scheme described in Section 3.3.1.1. We can write the equivalent system model as follows:
zk = Hkmk + nk k ∈ [1, . . . , N4 ] (3.39)
where zk and nk are the concatenations of the received signals and noise, respectively, for the
kth group of subcarriers. Here zk =
[
z(1)k . . . z
(NR)
k
]T
, with z(q)k =
[
z
(q)
4k−3 z
(q)∗
4k−2 z
(q)∗
4k−1 z
(q)
4k
]T
.
Similarly, mk =
[
m(1)k . . .m
(P )
k
]T
, with m(p)k =
[
m
(p)
4k−3 m
(p)
4k−2 m
(p)
4k−1 m
(p)
4k
]
. m(y)x and z
(y)
x
denote transmitted and received samples, respectively, for xth subcarriers group on yth SM
branch or yth receive antenna. Hk is shown in (3.40) as,
Hk =

[H11]k . . . [H1P ]k
...
. . .
...
[HNR1]k . . . [HNRP ]k
 (3.40)
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where [Hij ]k, with i ∈ {1, . . . , NR} and j ∈ {1, . . . , P}, is:
[Hij ]k =

h
(1)
ij,4k−3 h
(2)
ij,4k−3 h
(3)
ij,4k−3 h
(4)
ij,4k−3
h
(2)∗
ij,4k−2 −h(1)∗ij,4k−2 h(4)∗ij,4k−2 −h(3)∗ij,4k−2
h
(3)∗
ij,4k−1 h
(4)∗
ij,4k−1 −h(1)∗ij,4k−1 −h(2)∗ij,4k−1
h
(4)
ij,4k −h(3)ij,4k −h(2)ij,4k h(1)ij,4k

(3.41)
For ZF, we calculate the Moore-Penrose pseudo-inverse, Gk, of the equivalent CTF,
Hk,
Gk = [g1 . . .g4NR ]k =
√
∆P
PT
{
HHk Hk
}−1
HHk
=
√
8
PT
{
HHk Hk
}−1
HHk (3.42)
where PT is total transmit power from all transmit antennas.
For the MMSE nulling operator, the pseudo-inverse is defined considering the noise
variance [25], Gk =
√
4P
PT
{HHH + 4Pρ I4P }−1HH . Note that in our case, the number of
transmit antennas is ∆P = 4P . The SNR is ρ = PT
σ2
, with σ2 noise variance at each receive
antenna. Using this definition of ρ, we finally obtain the MMSE nulling operator as
Gk = [g1 . . .g4NR ]k =
√
∆P
PT
{
HHk Hk +
∆Pσ2
PT
I∆P
}−1
HHk
=
√
8
PT
{
HHk Hk +
8σ2
PT
I8
}−1
HHk (3.43)
where [gi]k is the i
th column of Gk, I8 is the 8× 8 identity matrix and we have considered
that ∆ = 4 and P = 2.
Let us define a vector, Ω as diag
[{HHk Hk}−1] for ZF and diag [{HHk Hk + 8σ2PT I8}−1]
for MMSE, where diag [X] is the vector containing all the diagonal components of matrix
X.
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After that, then the ordering for layer-by-layer detection is done, by determining the
strongest received signal branch. For this, we calculate the component of a vector,
d(p) = Ω(p) +Ω(p+ P ) +Ω(p+ 2P ) + . . .
+Ω(p+ (∆− 1)P ) (3.44)
whereΩ(p) and d(p) are the pth element of vectorΩ and d, respectively. Clearly, Ω ∈ C[4P×1]
and d ∈ C[P×1]. For example, when ∆ = 4 and P = 2, we can write that d(1) = Ω(1) +
Ω(3) +Ω(5) +Ω(7) and d(2) = Ω(2) +Ω(4) +Ω(6) +Ω(8).
Using the vector d, a new vector Φ is defined, which represents the received strength
of transmitted branches in descending order (i.e. the SM branches are arranged in descending
order in this vector). We define, Φ(1) = arg minl{d(l)},∀ l ∈ [1, . . . , P ]. Similarly, Φ(2) =
arg minl{d(l)},∀ l ∈ [1, . . . , P ]\Φ(1). This is continued until all P transmit branches are
ordered. The metric to define the descending order of received SM branches in Φ is found
based on OSIC approach as explained in [25].
If Φ(1) = 1, then we extract the first receive stream by using ZF or MMSE nulling
criterion, i.e. m̂(1)k = G1,kzk, where m̂
(1)
k =
[
m̂
(1)
4k−3 m̂
(1)
4k−2 m̂
(1)
4k−1 m̂
(1)
4k
]T
k
and G1,k =
[g1 g2 g3 g4]
T
k .
Once the strongest branch is extracted, then the contribution of this branch is sub-
tracted from the remaining signal, and the new equivalent CTF is obtained:
z
′
k = zk − [h1 h2 h3 h4]k m̂(1)k = H
′
k
[
m(2)k . . . m
(P )
k
]T
(3.45)
where H′k = [h5 h6 . . . h4P ]k and [hi]k is the i
th column of Hk.
The next strongest branch is found as Φ(2). A new nulling operator is defined as
GΦ(2),k =
[
g4Φ(2)−3 g4Φ(2)−2 g4Φ(2)−1 g4Φ(2)
]T
k
. With this nulling operator and new CTF
matrix as in (3.45), a new nulling criterion is defined and the second strongest branch is ex-
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tracted from the remaining signal as shown below for ZF and MMSE solutions, respectively:
m̂(Φ(2))k = G
ZF
Φ(2),kz
′
k =
√
∆P
PT
{
H
′′H
k H
′′
k
}−1
H
′′H
k z
′
k
=
√
8
PT
{
H
′′H
k H
′′
k
}−1
H
′′H
k z
′
k (3.46)
m̂(Φ(2))k = G
MMSE
Φ(2),k z
′
k =
√
∆P
PT
{
H
′′H
k H
′′
k +
∆Pσ2
PT
I∆
}−1
H
′′H
k z
′
k
=
√
8
PT
{
H
′′H
k H
′′
k +
8σ2
PT
I4
}−1
H
′′H
k z
′
k (3.47)
where H′′k =
[
h4Φ(2)−3 h4Φ(2)−2 h4Φ(2)−1 h4Φ(2)
]T
k
in both (3.46) and (3.47), I4 is the 4× 4
identity matrix. So far ∆ = 4 and P = 2 have been considered. When there are more
than P = 2 transmitted streams, the whole procedure is continued until the last branch is
detected.
3.3.2 Simulations and Discussions
We have used a simulation scenario with the system parameters shown in Table 3.1 [30]. We
Table 3.1: System Parameters
Parameter Value
System bandwidth, B 1.25 MHz
Carrier frequency, fc 3.5 GHz
OFDM sub-carriers, N 128
CP length, NCP 16
Sampling rate, fs 1.429 Msps
Symbol duration, Ts = (N +NCP )/fs 100.77 µs
Number of symbols in a frame, Nf 5
Frame duration, Tf = NfTs 503.85 µs
Symbol mapping QPSK
Channel coding 1/2-rate convolutional
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assume two SM branches and dual receive antennas in all systems, i.e. P = NR = 2. We
have confined ourselves to the case of ∆ = 2 and 4 for each pth SM branch in SM-OSFBC
and SM-QSFBC systems, respectively. Thus, we have 4×2 and 8×2 systems for SM-OSFBC
and SM-QSFBC schemes, respectively. The tags used to denote different transmission and
reception configurations are shown in Table 3.2.
We assume that perfect channel estimation values for each subcarrier for all the
spatial channels are available at the receiver. We use the exponential model to generate the
corresponding CIR and CTF of the channel. In our model, the power delay profile of the
channel is exponentially distributed decay with gap between the first and the last impulse
as -40 dB.
Table 3.2: Tags used in figures for corresponding schemes
Scheme Tag
2× 1 Alamouti SFBC scheme [11] 2× 1 SFBC
2× 2 VBLAST with ZF nulling [10] 2× 2 ZF-BLAST
2× 2 VBLAST with MMSE nulling [10] 2× 2 MMSE-BLAST
2× 2 SM system optimum ML reception 2× 2 ML
4× 2 SM-OSFBC transmitter 4× 2 SM-OSFBC, ZF-Lin
and ZF based linear receiver [52]
4× 2 SM-OSFBC transmitter 4× 2 SM-OSFBC, MMSE-Lin
and MMSE based linear receiver [52]
4× 2 SM-OSFBC transmitter 4× 2 SM-OSFBC, ZF-OSIC
and ZF based OSIC receiver [53]
4× 2 SM-OSFBC transmitter 4× 2 SM-OSFBC, MMSE-OSIC
and MMSE based OSIC receiver [53]
8× 2 SM-QSFBC transmitter 8× 2 SM-QSFBC, ZF-OSIC
and ZF based OSIC receiver
8× 2 SM-QSFBC transmitter 8× 2 SM-QSFBC, MMSE-OSIC
and MMSE based OSIC receiver
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Figure 3.3: FER performance for the studied schemes
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3.3.2.1 FER Performance
Figure 3.3 shows the coded FER results for the presented schemes. For various transmit
antenna configurations, the total transmit power is kept constant, thus, the SNR at the x-axis
reflects the total SNR. We have used Quadrature Phase Shift Keying (QPSK) modulation
for all the systems. We know that 2× 2 SM [10] performs worse in terms of FER compared
to 2 × 1 SFBC system: in fact in the SM system, we get an higher rate, but we lose in
diversity [42]. Considering this, we can see that 4 × 2 SM-OSFBC with OSIC receiver
performs better than SFBC system in terms of FER. In this case, not only the diversity
gain is achieved, but spatial multiplexing gain is also realized. We can see an even better
gain in FER is obtained when 8 × 2 SM-QSFBC system is used. This clearly shows the
benefits of using OSFBC or QSFBC at the transmission system.
If not differently specified, simulations were run for 5000 frames, thus as a rule of
thumb we can say that results are statistically significant up to FER of 15000e−2 =
1
50 ∼ 0.01.
3.3.2.2 Average Spectral Efficiency
Figure 3.4 shows the average spectral efficiency of the studied systems. The maximum rate
with 1/2-rate convolutional coding, QPSK modulation (bps = 2 bits per symbol) and two
spatially-multiplexed branches is Rb = Rc · bps · P = 0.5 · 2 · 2 = 2. We define the practical
spectral efficiency as SE = Rb (1− FER), thus at the best case with current modulation and
coding level along with MIMO rate, the maximum spectral efficiency of the JDM schemes
is much higher than the 2 × 2 schemes at comparatively low SNR. As the SNR increases,
the average spectral efficiency approaches to the maximum value (i.e. 2 bps/Hz) for all the
schemes. It is noticed that for JDM schemes, maximum achievable spectral efficiency is
obtained faster than other schemes when compared to increment in SNR. As expected, SM-
QSFBC-MMSE-OSIC performs better than others in terms of average spectral efficiency,
which is supported by its better FER performance seen in Figure 3.3.
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Figure 3.4: Average Spectral Efficiency for the studied systems
3.3.2.3 10% Outage Spectral Efficiency
Outage analysis is a form of reliability analysis. The 10% outage channel capacity is defined
as the information rate that is guaranteed for 90% of the channel realizations, such that the
probability that outage rate falls below the certain threshold rate is at most 10% [25]. The
10% outage spectral efficiencies for SM, SM-OSFBC and SM-QSFBC with different receiver
configurations are given in Figure 3.5. At 0 dB of SNR, 10% outage spectral efficiency
of SM-QSFBC-MMSE-OSIC and SM-QSFBC-ZF-OSIC schemes are 1.75 and 1 bps/Hz,
respectively. The maximum achievable spectral efficiency with the set of parameters that
we have used for these simulations is 2 bps/Hz (achieved with spatial rate of 2, QPSK
modulation, channel coding rate of 1/2). For SM-QSFBC-OSIC schemes, the 10% outage
spectral efficiency is almost close to maximum at any SNR more than than 4 dB. At that
SNR, SM system obtains very low efficiency, whereas SM-OSFBC schemes obtain between
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Figure 3.5: 10% Outage spectral efficiency in indoor scenario
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Table 3.3: Correlation for corresponding spatial separation among antennas at 3.5 GHz of carrier
frequency. R and d denote spatial correlation and separation in cm, respectively.
R 0.90 0.82 0.70 0.61 0.51 0.40 0.29 0.22 0.15
d(cm) 0.86 1.20 1.54 1.80 2.06 2.31 2.57 2.74 2.91
1.7 and 1.9 bps/Hz, which is quite impressive also. One conclusion that can be easily made
is that added spatial dimensions at the transmitter side are exploited well in JDM schemes
to improve system performance in terms of FER and outage spectral efficiency as seen in
Figure 3.3 and Figure 3.5, respectively.
3.3.2.4 Effects of Spatial Correlation
The gains from transmit diversity and spatial multiplexing depend on the availability of
spatially separable multipath. As a result, both spatial diversity and spatial multiplexing
gains will be reduced in environments lacking spatial separability. The robustness of a
particular design in such channels is therefore an important question [44]. The considered
causes for spatial correlation in this work are:
• insufficient antenna spacing;
• LOS component.
Correlation due to Antenna Spacing
The spatial correlation in H is based on the inter-element distances in the transmit and
receive antenna arrays, as it is done in [47]. We can model the spatial correlation across all
subcarriers as
Hk =
√
Rk,rxHw,k
√
Rk,tx (3.48)
where Rk,rx, Hw,k and Rk,tx are receive correlation matrix, uncorrelated channel matrix
and transmit correlation matrix, respectively. For large values of the antenna spacing, the
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Figure 3.6: FER with respect to increasing transmit correlation (i.e. decreasing antenna spacing)
and fixed receive correlation at system SNR of 12dB
correlation matrices will converge to the identity matrix, giving uncorrelated fading; for small
values of the antenna spacing, the correlation matrices become rank deficient (eventually
rank one) causing (fully) correlated fading [54]. The correlation coefficient between p1 and
p2 transmit antennas can be written as:
[Rk,tx]p1,p2 = J0
(
2pi(p1 − p2)d
λ
)
(3.49)
where p1, p2 ∈ [1, . . . , P∆]. J0 denotes the 0th order Bessel function of 1st kind, d is the
distance between the elements and λ is the wavelength corresponding to the carrier frequency.
Similar spatial correlation can be defined at the receiver.
In this Section, we investigate the impact of spatial correlation on FER and on
outage spectral efficiency. For this, the receive (transmit) is fixed to 0.3 and transmit
(receive) correlation is varied as shown in Table 3.3. This 0.3 of receive spatial correlation
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corresponds to off-diagonal components in Rk,rx, i.e. the spatial correlation between the
neighboring elements is 0.3. The same applies for transmit side. The results are obtained
for a particular SNR value, i.e. 12dB.
In Figures 3.6 and 3.7, FER results in presence of spatial correlation due to insufficient
spatial separation between antenna elements are shown. In [49], impact of spatial correlation
is studied for a system similar to SM-OSTBC scheme. For Figure 3.6, we varied the transmit
correlation and fixed the receive correlation to 0.3, and the opposite is done for Figure 3.7.
Note that we have dual receive antennas for all the schemes. One interesting conclusion
that can be drawn from these figures is that receive correlation affects these systems much
more than transmit correlation. This is because no extra diversity measures are taken at
the receiver. From Figure 3.7, we see that the FERs increase very fast when the receive
correlation increases. This is true for all the systems. From Figure 3.6, for increasing
transmit correlation with a fixed receive correlation, the degradation in JDM schemes is
gradual. Up to 60% of spatial correlation between the transmit antennas, the JDM schemes
perform quite consistently, and their performance get worse only when the spatial correlation
is further increased. Thus, as long as the transmit elements are separated by a spacing of at
least 1.80 cm for our system (according to Table 3.3), the effect of spatial correlation in FER
performance is not quite significant for JDM systems. While SM-QSFBC-OSIC with ZF and
MMSE equalization performs the best for increasing transmit correlation, ZF-BLAST and
MMSE-BLAST perform quite badly, when the spatial correlation is increased. Thus, it is
evident that original VBLAST systems are not so robust in spatially correlated scenario as
it was previously reported in [25].
Values in the order of 1.80 cm of spacing appear quite reasonable, since these dis-
tances fit with the current sizes of mobile phones, and would allow (considering only the
correlation as impairing factor) to put either 2 or 4 antennas at the MS. Of course other
considerations should be made in order to have a realistic evaluation of the multi-antenna
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schemes, especially in the case of UL: as an example, let us assume two antennas at the MS,
and that one hand of the person calling is covering one of the antennas, then there would
not be any correlation between the two antennas, but there would not be any advantage
deriving from multi-antenna configuration too.
To obtain more insight into the impact of transmit correlation, we have also per-
formed simulations to measure the 10% outage spectral efficiency for all the schemes when
transmit spatial correlation is increased steadily with a fixed receive spatial correlation. In
Figure 3.8, the antenna spacing at the transmitter side is shown on x-axis: the higher the
antenna spacing, the lower the spatial correlation experienced in the system. As shown in
Figure 3.8, as soon as the antenna spacing at the transmitter starts to increase (i.e. the
correlation starts to decrease), the outage efficiency for SM-QSFBC schemes reaches the
highest spectral efficiency. Other JDM schemes also have high outage spectral efficiency.
The reason for good outage spectral efficiency is the diversity benefit obtained in JDM
schemes in parallel with the multiplexing gains. We know that any form of diversity benefit
is bound to improve the outage scenario. It is worth noticing here that SM schemes provide
very low outage efficiency even at low level of transmit correlation.
Correlation due to LOS
We model the wireless channel response having two distinct components [55],
1. a specular component (or LOS component) that illuminates the arrays uniformly and
is thus spatially deterministic from antenna to antenna, we denote such a component
as Hc;
2. a scattered Rayleigh-distributed component that varies randomly from antenna to
antenna, this component is denoted as Hw.
c© Nicola Marchetti, 2007
64 Chapter 3. Combining Diversity and Multiplexing in OFDM
The MIMO channel model for each subcarrier with the effect of LOS component can
now be written as:
Hk =
√
K
K + 1
Hc,k +
√
1
K + 1
Hw,k (3.50)
where K is the Ricean K-factor of the system that is essentially the ratio of the power in the
LOS component of the channel to the power in the multipath component. For small values of
K (K = 0 corresponds to pure Rayleigh fading) clearly Hw dominates, giving uncorrelated
fading, while for large values of K (K = ∞ corresponds to a pure non-fading channel),
Hc dominates, causing correlated fading. The elements of normalized scattering component
Hw,k are modelled as Zero Mean Circularly Symmetric Complex Gaussian (ZMCSCG) with
unit variance [25]. The specular component is given by:
Hc = a(θr)Ta(θt) (3.51)
where a(θt) and a(θr) are the specular array responses at the transmitter and receiver,
respectively. The array response corresponding to the transmit P∆ = 4P (or receive NR)-
element linear array is given by
[
1 ej2pid cos(θ) . . . ej2pid(P∆−1) cos(θ)
]
=
[
1 ej2pid cos(θ) . . . ej2pi(4P−1) cos(θ)
]
,
where θ is the Angle of Departure (AoD) at the transmitter (or Angle of Arrival (AoA) at
the receiver) of the specular component and d is the antenna spacing in wavelengths [55].
Figure 3.9 shows the FER results when the strength of LOS component is steadily
increased. This investigation is intended for indoor scenario, therefore θt and θr are taken
to be 360 degrees. Spacing between antennas at both ends is taken as 2.57 cm (i.e. spatial
correlation of 0.3). The impact of LOS on SM-QSFBC systems is much less compared to
BLAST schemes. When the strength of LOS component is 10 (10 dB), then only SM-QSFBC
schemes provide some reasonable FER (e.g. close to 10−2). The other schemes show almost
all frames in error.
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Figure 3.9: Impact of LOS on FER performances
Figure 3.10 shows the loss because of the LOS component in average spectral effi-
ciency. For brevity, only the results for MMSE based receivers are presented. Conforming
the results in Figure 3.9, it is found that spectral efficiency loss in SM-QSFBC system is
25% less compared to other schemes at K = 50 (i.e. ≈ 17 dB).
3.4 Conclusions
Original JDM schemes for OFDM systems have been presented, which allow to achieve both
diversity and multiplexing benefits at the same time. The performance of different receiver
strategies have been analyzed in realistic wireless conditions. The proposed JDM schemes
are in general robust to spatial correlation caused by inadequate spatial separation between
antenna elements. When spatial correlation is caused by the LOS scenario, then only SM-
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QSFBC type JDM schemes show robustness in performance. All other JDM schemes fail
with little increment in strength of LOS component in the wireless channel. For both ZF and
MMSE, the VBLAST-based SM schemes [10] perform poorly in realistic wireless conditions.
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Multi-Antenna Schemes for SCFDE
4.1 Introduction
It has been shown that SCFDE is comparable to OFDM with respect to implementation
effort and performance if MIMO extensions are applied [56]. However, between SCFDE and
OFDM there are some important differences, i.e.
• the subcarriers access in SCFDE is not directly available: this creates problems for
techniques that require subcarriers manipulation, such as SFBC;
• the trade-off diversity-multiplexing depends also on the sensitivity of the transmis-
sion technique with respect to coding in time or frequency, and since SCFDE and
OFDM have different behaviors from this point of view, a different trade-off diversity-
multiplexing for SCFDE and OFDM is expected.
In this Chapter, firstly the issue of extending SFBC to SCFDE systems, which is not
straightforward as in case of STBC, is addressed and a low-complexity solution is pro-
posed. Moreover, the proposed processing is used for applying a JDM SM-SFBC scheme to
SCFDE system. To be able to apply SFBC and SFBC-based schemes to SCFDE systems
is very important, since SFBCs show a great robustness to the time-selectivity caused by
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users’mobility, and they work well for a wider range of propagation scenarios with respect
to STBCs.
4.2 Space-Frequency Block Coding for SCFDE
The STBC extension to SCFDE proposed in [13] cannot be directly mapped to space and
frequency domains. To overcome this problem, in this Section a new low-complexity SCFDE-
SFBC scheme will be introduced which allows to code across antennas and subcarriers. One
has to notice that the subcarriers domain is not directly accessible at the transmitter of
a SCFDE system, but the novel scheme introduced hereafter makes possible the access to
frequency domain by properly organizing the information in the time domain over the two
antennas. SCFDE-SFBC is shown to outperform SCFDE-STBC technique over fast fading
channels caused by high mobility speed. We compare these two schemes in terms of uncoded
BER for different levels of time and frequency selectivity. Uncoded BER was here chosen as
a metric to study the behavior of the proposed scheme in a simplified case, i.e. to see the
potential gain due to the scheme itself, rather than to the impact of channel coding.
4.2.1 System Model
Figure 4.1 and Figure 4.2 show the transmitter and the receiver respectively, of the proposed
2 × 1 transmit diversity scheme. The data stream to be transmitted is organized in 4
sequences by properly combining the even and the odd sequences of the original data stream,
as it is described in 4.2.1.1; 2 of the 4 sequences are multiplied by a phase vector w and
then contemporarily transmitted over two transmit antennas after the insertion of the Cyclic
Prefix (CP).
At the receiver, after the CP removal, the FFT operation is performed. Then, MMSE-
FDE is performed each two consecutive sub-carriers. Two N/2-points IFFT convert back
to the time domain the even and odd sequences, which are then multiplexed to obtain the
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Figure 4.1: Transmitter model of the proposed 2x1 SCFDE transmit diversity scheme
samples used for the decision process.
4.2.1.1 Transmitter
Let us consider a data stream s of N symbols:
s = [s1, s2, . . . , sN ]
T (4.1)
which is split in the odd sequence o and even sequence e:
o = [s1, s3, . . . , sN−1]T (4.2)
e = [s2, s4, . . . , sN ]
T (4.3)
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Figure 4.2: Receiver model of the proposed 2x1 SCFDE transmit diversity scheme
Let us form the following four N -long sequences: x1 =
[
oT ,oT
]T , x′2 = [−e∗T ,−e∗T ]T ,
x3 =
[
eT , eT
]T , x′4 = [o∗T ,o∗T ]T , and let us rewrite them in terms of the original sequence
s:
x1 = [s1, s3, . . . , sN−1, s1, s3, . . . , sN−1]T (4.4)
x
′
2 = [−s∗2,−s∗4, . . . ,−s∗N ,−s∗2,−s∗4, . . . ,−s∗N ]T (4.5)
x3 = [s2, s4, . . . , sN , s2, s4, . . . , sN ]
T (4.6)
x
′
4 =
[
s∗1, s
∗
3, . . . , s
∗
N−1, s
∗
1, s
∗
3, . . . , s
∗
N−1
]T (4.7)
It is evident that x′2 = −x∗3 and x
′
4 = x
∗
1. Starting from x
′
2 and x
′
4, the vectors x
′′
2 and x
′′
4
are built as:
x
′′
2 = [−s∗2,−s∗N , . . . ,−s∗4,−s∗2,−s∗N , . . . ,−s∗4]T (4.8)
x
′′
4 =
[
s∗1, s
∗
N−1, . . . , s
∗
3, s
∗
1, s
∗
N−1, . . . , s
∗
3
]T (4.9)
The sequences transmitted simultaneously on the first transmit antenna (see Equations
(4.4)-(4.8)) are x1 and:
x2 = w  x′′2 (4.10)
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while the sequences transmitted from the second transmit antenna (see Equations (4.6)-
(4.9)) are x3 and:
x4 = w  x′′4 (4.11)
where  means component-wise product and w is the N × 1 vector:
w =
[
1, ejpi/
N
2 , . . . , ej(
N
2
−1)pi/N
2 ,−1,−ejpi/N2 , . . . ,−ej(N2 −1)pi/N2
]T
(4.12)
4.2.1.2 Receiver
The received vector is:
y = H1 (x1 + x2) +H2 (x3 + x4) + n (4.13)
where H1 and H2 are N ×N circulant channel matrices. Using the eigen-value decomposi-
tion:
y = QHΛ1Q (x1 + x2) +QHΛ2Q (x3 + x4) + n (4.14)
where Q is the orthonormal N×N FFT matrix, i.e. Q(i, j) = 1√
N
e−j
2pi
N
(i−1)(j−1), 1 ≤ i, j ≤
N . After the FFT block, it can be written (frequency domain):
Y = Qy (4.15)
= Λ1Q (x1 + x2) +Λ2Q (x3 + x4) +Qn (4.16)
= Λ1 (X1 +X2) +Λ2 (X3 +X4) +N (4.17)
where Λi, i = 1, 2 are N × N diagonal matrices whose (l, l)th entries are equal to the
lth FFT coefficients of the CIRs hi, i = 1, 2, and Xj , j = 1, . . . , 4 and N are N × 1
vectors representing the FFT transforms of transmitted vectors xj , j = 1, . . . , 4 and noise
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n, respectively. In particular, for the FFT transforms of the transmitted vectors:
X1 = Qx1 =
[
V1, 0, . . . , VN/2, 0
]T (4.18)
X2 = Qx2 =
[
0,−Z∗1 , . . . , 0,−Z∗N/2
]T
(4.19)
X3 = Qx3 =
[
Z1, 0, . . . , ZN/2, 0
]T (4.20)
X4 = Qx4 =
[
0, V ∗1 , . . . , 0, V
∗
N/2
]T
(4.21)
from which it is possible to recognize the Alamouti-like structure in the space and frequency
domains [11][45]. For the k-th couple of subcarriers, with k = 1, . . . , N2 : Y2k−1
Y ∗2k
 =
 Λ1,2k−1 Λ2,2k−1
Λ∗2,2k −Λ∗1,2k

 Vk
Zk
+
 N2k−1
N∗2k
 (4.22)
Let us assume the two channels constant for two adjacent subcarriers:
Λj,2k−1 = Λj,2k = Λj,k, j = 1, 2, k = 1, . . . ,
N
2
(4.23)
then (4.22) can be rewritten as:
 Y2k−1
Y ∗2k
 =
 Λ1,k Λ2,k
Λ∗2,k −Λ∗1,k

 Vk
Zk
+
 N2k−1
N∗2k
 (4.24)
By doing a MRC processing:
 Y˜2k−1
Y˜2k
 =
 Λ∗1,k Λ2,k
Λ∗2,k −Λ1,k

 Y2k−1
Y ∗2k

=
 Λ˜ 0
0 Λ˜

 Vk
Zk
+
 N˜1
N˜2
 (4.25)
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where Λ˜ = |Λ1,k|2 + |Λ2,k|2, N˜1 = Λ∗1,kN2k−1 + Λ2,kN∗2k, and N˜2 = Λ∗2,kN2k−1 − Λ1,kN∗2k.
After the MMSE-FDE equalization [38]:
 V̂k
Ẑk
 =√NT
PT
 1/
(
Λ˜ + NTρ
)
0
0 1/
(
Λ˜ + NTρ
)

 Y˜2k−1
Y˜2k

where ρ = PT /σ2, and PT is the total power of the transmitted signal, while σ2 is the total
variance of the complex Gaussian noise process. Therefore, we have recovered:
V̂ =
[
V̂1, V̂2, . . . , V̂N/2
]T
(4.26)
Ẑ =
[
Ẑ1, Ẑ2, . . . , ẐN/2
]T
(4.27)
and we go back into the time-domain through two N2 -points IFFT, with a coefficient of
normalization 12 :
ô = [ŝ1, ŝ3, . . . , ŝN−1]T =
1
2
IFFT (V̂) (4.28)
ê = [ŝ2, ŝ4, . . . , ŝN ]
T =
1
2
IFFT (Ẑ) (4.29)
After a Parallel to Serial (P/S) converter, and a proper multiplexing of the two sequences,
the estimation of the transmitted sequence s is achieved:
ŝ = [ŝ1, ŝ2, . . . , ŝN ]
T (4.30)
4.2.2 Simulations and Discussions
We present here the comparison of SCFDE-STBC and the proposed SCFDE space-frequency
transmit scheme in terms of uncoded BER and complexity. Simulation parameters are shown
in Table 4.1. Ideal time and frequency synchronization is assumed. We also assume perfect
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channel estimation at the receiver. An L-taps frequency selective channel is assumed, with
exponential decay. In particular, we consider: a low frequency selective channel characterized
by L = 8 taps, corresponding to a maximum delay spread of τmax = 4.90µs; a high frequency
selective channel with L = 30, i.e. a maximum delay spread of τmax = 20.29µs; a quasi-
static channel with normalized Doppler frequency fdTs = 0.001, corresponding to a velocity
of 3 kmph; a high time-selective channel with normalized Doppler frequency fdTs = 0.03,
i.e. velocity of 90 kmph.
Table 4.1: Simulation Parameters
Parameters Value
System bandwidth, B 1.25 MHz
Sampling frequency, fs 1.429 MHz
Carrier frequency, fc 3.5 GHz
Symbols per block, N 128
Subcarrier spacing, ∆f 9.77 KHz
CP length, NCP 16
Data symbol mapping BPSK
FDE Equalizer MMSE
Channel coding scheme 1/2-rate convolutional coding
Figure 4.3 shows the uncoded BER of a SCFDE-STBC transmit diversity scheme with
respect to the proposed scheme in a low frequency selective channel. As expected, when
the channel is quasi-static the two schemes show almost identical performance. However, in
a fast varying channel (fdTs = 0.03) the proposed scheme outperforms the SCFDE-STBC
transmit diversity scheme, which shows a floor in the uncoded BER. As in a OFDM-SFBC
scheme, the proposed scheme assumes the channel constant over two consecutive subcarriers.
Therefore, the performance of the proposed scheme are expected to show a degradation over
high frequency selective channels. More insight into sensitivity of the two transmit diversity
schemes over different propagation conditions are provided by Figure 4.4 and Figure 4.5.
In particular, Figure 4.4 shows the performance degradation of the two schemes when the
normalized coherence bandwidth (defined as Bc,norm = 1τmax∆f ) decreases, i.e. when the
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Figure 4.3: SCFDE-STBC vs the proposed scheme in low and high time selective channels
channel frequency selectivity increases. First of all, we observe that the STBC scheme is
not very sensitive to the increase of the frequency selectivity. Moreover, when the channel
is quasi-static the STBC scheme always outperforms the proposed scheme. However, the
performance gap of the two schemes is quite low for a wide range of frequency selectivity
conditions. In presence of a high time-selective channel, the proposed scheme noticeably
outperforms the STBC scheme for a big range of frequency selectivity.
While STBC has very low sensitivity with respect to the frequency selectivity of
the channel, the time-selectivity has a greater impact on the performance of the proposed
scheme, especially when the frequency selectivity is low. This is shown in Figure 4.5, which
plots the uncoded BER of the two schemes for increasing normalized Doppler frequency, i.e.
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Figure 4.5: Uncoded BER vs. normalized Doppler frequency at the SNR of 8 dB
increasing time-variability. However, the sensitivity of the STBC scheme with respect to the
time-variability is much greater and the proposed scheme outperforms the STBC scheme
over highly time-varying channels also when the frequency selectivity is high.
It is interesting to notice from Figures 4.4 and 4.5 that when SCFDE-STBC scheme
fails because of high velocity (high normalized Doppler frequency), this scheme recovers in
BER performance in presence of frequency selectivity (high maximum delay spread), since
SCFDE is able to exploit the frequency diversity without channel coding, differently from
OFDM. The same does not hold for SFBC since for this scheme the frequency selectivity is
detrimental (hypothesis of channel constance over adjacent subcarriers).
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4.2.3 Computational Complexity
The computational complexities, in terms of the overall number of complex multiplications
(considering transmitter and receiver) of SCFDE-SFBC and SCFDE-STBC are, respectively:
CSC−SF = NTN2 + (NR + 1)
N
2
log2N − N2
CSC−ST = NTN2 + (NR + 1)
N
2
log2N
The complexity for the 2 × 1 case is shown in Table 4.2. The parameters in this case are
NT = 2, NR = 1.
Table 4.2: Complexity in terms of complex multiplications for 2x1 case
scheme N=64 N=128
SCFDE-SF 8544 33600
SCFDE-ST 8576 33664
Therefore, the presented transmit diversity scheme has a slightly less complexity
than STBC. As SCFDE is considered as a possible alternative to OFDM transmission in
the uplink of future broadband wireless systems, the possibility of implementing SCFDE-
SFBC without increasing the complexity at the mobile is a positive aspect.
4.3 Combining Diversity and Multiplexing in SCFDE
The trade-off diversity-multiplexing, which has been studied for OFDM systems [52]-[40]-
[44], to the best of our knowledge has not yet been investigated for SCFDE. Basically,
techniques that try to combine diversity and multiplexing, use the available antennas to get
either more diversity gain or more multiplexing (rate) gain, according to the desired trade-
off. Since this trade-off depends also on the sensitivity of the transmission technique with
respect to coding in time or frequency, and SCFDE and OFDM have different behaviors from
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this point of view, we also expect a different trade-off diversity-multiplexing for SCFDE and
OFDM. The pre-processing technique which allows a low complexity extension of SFBC
technique to SCFDE is used to implement a 4× 2 scheme which combines SM with SFBC,
where the four antennas are divided in two groups of two antennas: the SM is applied to
the two groups of antennas, while SFBC is applied to the two antennas of each group.
4.3.1 System Model
In the presented 4×2 SCFDE SF-JDM system, the four transmit antennas are divided in two
groups of two antennas each. Signals over the two groups of antennas are sent simultaneously
and recovered via a SM approach, whilst over the two antennas of each group, a SFBC
processing is applied. The system model is depicted in Figure 4.6, considering also the ST
case. The objective is to get both multiplexing and diversity gain.
4.3.1.1 4x2 SCFDE SF-JDM
Four sequences are transmitted through the first two antennas, implementing a SCFDE-
SFBC scheme, and other four sequences are transmitted in the same way via the third and
fourth transmit antennas.
The vector received at the ith receive antenna is yi =
∑4
j=1Hijtj = Hi1 (x1,1 + x1,2)+
Hi2 (x1,3 + x1,4)+Hi3 (x2,1 + x2,2)+Hi4 (x2,3 + x2,4)+ni, i = 1, 2 where Hij , i = 1, 2, j =
1, . . . , 4 are N ×N circulant channel matrices and xi,j , i = 1, 2, j = 1, . . . , 4 are the SFBC
transmitted vectors, defined as in (4.4)-(4.6)-(4.10)-(4.11). After eigen-value decomposing
the circulant channel matrices, i.e. Hij = QHΛijQ and the FFT block at the receiver, we
have Yi = Qyi. For the kth couple of subcarriers, with k = 1, . . . , N2 , after some simple
linear algebra manipulation, it is possible to obtain:
Y
′
k = ΛkXk +Nk (4.31)
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Figure 4.6: 4x2 SCFDE JDM system model
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where Y′k =
[
Y1,2k−1, Y2,2k−1, Y ∗1,2k, Y
∗
2,2k
]T
, Xk = [V1,2k−1, Z1,2k−1, V2,2k−1, Z2,2k−1]T , Nk =[
N1,2k−1, N2,2k−1, N∗1,2k, N
∗
2,2k
]T
, and:
Λk =

Λ11,k Λ12,k Λ13,k Λ14,k
Λ21,k Λ22,k Λ23,k Λ24,k
Λ∗12,k −Λ∗11,k Λ∗14,k −Λ∗13,k
Λ∗22,k −Λ∗21,k Λ∗24,k −Λ∗23,k

(4.32)
where the CTF is assumed identical over two adjacent subcarriers. At this point, Y′k is
MMSE equalized, i.e.
X̂k = GMMSEk Y
′
k (4.33)
where:
GMMSEk =
√
NT
PT
(
ΛHk Λk +
NT
ρ
INT
)−1
ΛHk (4.34)
where ρ = PT /σ2, with PT total power of the transmitted signal and σ2 noise variance at
one receive antenna. After this, the IFFT operation is performed.
4.3.1.2 4x2 SCFDE ST-JDM
Let us consider a 4×2 system, with 2 SM branches and on each SM branch an STBC block,
such that both multiplexing and diversity gains can be realized, through SM and STBC,
respectively. At time t, the vectors xi(t) = [xi,1, xi,2, . . . , xi,N ]T , i = 1, . . . , 4 are sent from
the four transmit antennas. At time t + T , the special encoding rule introduced in [13] is
applied, i.e. xi(t+ T ) =
[
−x∗j,1,−x∗j,N , . . . ,−x∗j,2
]T
, i = 1, 3, j = 2, 4 are transmitted from
antennas 1 and 3, and xi(t + T ) =
[
x∗j,1, x
∗
j,N , . . . , x
∗
j,2
]T
, i = 2, 4, j = 1, 3 from antennas
2 and 4. Analogously to SCFDE SF-JDM, and following the same procedure as in [44], it
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can be written, for kth subcarrier, k = 1, . . . , N :
Y
′
k = ΛkXk +Nk (4.35)
whereY′k =
[
Y1,k(n), Y2,k(n), Y ∗1,k(n+ 1), Y
∗
2,k(n+ 1)
]T
,Xk = [V1,k(n), Z1,k(n), V2,k(n), Z2,k(n)]T ,
Nk =
[
N1,k(n), N2,k(n), N∗1,k(n+ 1), N
∗
2,k(n+ 1)
]T
, and:
Λk(n) =

Λ11,k(n) Λ12,k(n) Λ13,k(n) Λ14,k(n)
Λ21,k(n) Λ22,k(n) Λ23,k(n) Λ24,k(n)
Λ∗12,k(n+ 1) −Λ∗11,k(n+ 1) Λ∗14,k(n+ 1) −Λ∗13,k(n+ 1)
Λ∗22,k(n+ 1) −Λ∗21,k(n+ 1) Λ∗24,k(n+ 1) −Λ∗23,k(n+ 1)

(4.36)
with n identifying the nth time instant. Assuming Λi,j(n) = Λi,j(n + 1), i.e., assuming a
quasi-static channel, Equations (4.32), (4.33) and (4.34) still hold, but instead of N2 couples
of subcarriers, this time N subcarriers have to be considered.
4.3.1.3 4x2 SCFDE QOD Schemes
In the next Section, the SF and ST-JDM schemes previously presented are compared with
4×2 antennas SF and ST-QOD schemes. The QOD transmitter is shown in Figure 4.7, with
the receiver part that is the same as in Figure 4.6. The QOD schemes use the 4-antennas
code proposed in [12]. The SF-QOD code can be achieved in SCFDE in a similar way to the
2-antennas code SFBC presented in Section 4.2. It is worth noting that QOD codes provide
a full rate of 1, but present a loss in orthogonality. The rate of 1 is provided by sending
four symbols over the transmit antennas in four subcarriers, for SF-QOD, and in four block
durations, for ST-QOD.
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Figure 4.7: 4x2 SCFDE QOD system model: transmitter
4.3.2 Simulations and Discussions
Simulation parameters have been shown in Table 4.1. Ideal time and frequency synchro-
nization and perfect channel estimation are assumed at the receiver. The channel is a
L-taps frequency selective channel with exponentially distributed power decay. This Section
presents results achieved in terms of average Spectral Efficiency (SE), without and with
channel coding (12 -rate convolutional coding). The average spectral efficiency is defined in
terms of rate R and FER, as SE = R(1 − FER), where R considers modulation order,
spatial rate, and channel coding rate. The average SE is a good metric of the achievable
trade-off multiplexing-diversity, since it considers both rate and reliability.
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Figure 4.8: Uncoded Average SE for low frequency selectivity (τmax = 2.80 µs) and high time
selectivity (fdTs = 0.03)
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4.3.2.1 Space-Frequency Schemes
Figure 4.8 shows the uncoded average SE of SF-JDM schemes with respect to SF-QOD
diversity schemes, with the same 4 × 2 antennas configuration and same rate R = 2 (i.e.
BPSK modulation for SF-JDM schemes that have spatial rate of 2, and QPSK for SF-QOD
that have spatial rate of 1), in highly time-variant channels (fdTs = 0.03 corresponding
to v = 90 kmph) with low frequency selectivity. Both SCFDE and OFDM systems are
considered in the comparison. Figure 4.8 shows that for low frequency selective channels,
it is more efficient to use the redundancy introduced by the 4 transmit antennas in order
to maximize the diversity gain. This holds both for SCFDE and OFDM systems. It is
expected that the frequency selectivity of the channel severely degrades the performance of
SF schemes, which are based on the assumption that the channel is constant over two or
more consecutive subcarriers. In particular, for the 4 × 2 SF-QOD scheme, the channel is
supposed to be constant over 4 subcarriers.
However, as it is shown in Figures 4.9 and 4.10, in SCFDE systems, the combination
of SM and SFBC is more robust to the frequency selectivity with respect to QOD. Already
for moderate frequency selective channels, the SF-JDM scheme begins to outperform the
SF-QOD scheme in terms of SE. Moreover, JDM keeps on working for high frequency
selective channels where the QOD performance are severely degraded and the SE is almost
half of the maximum that is achievable for that configuration. Also for OFDM systems, the
SF-JDM scheme is more robust to the frequency selectivity of the channel, since it requires
the channel to be constant over less consecutive subcarriers. However, the performance of
both OFDM schemes are severely degraded by the frequency selectivity of the channel. This
is expected since the uncoded OFDM is not able to exploit the frequency selectivity of the
channel as it is a SCFDE transmission scheme. Therefore, for uncoded OFDM the frequency
selectivity has only a negative impact, even if it is less negative for the JDM scheme.
Figure 4.11 shows the coded average SE comparison. The maximum achievable rate
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is 1, since also the channel coding rate of 12 is taken into account. The negative effect of
frequency selectivity on SF schemes is very much mitigated by channel coding, particularly
for OFDM schemes and SCFDE SF-QOD. Therefore, in the coded case, it is more convenient
to use the available antennas to provide only diversity, using higher order constellations,
instead of providing both diversity and multiplexing, using lower order symbol mappings.
Finally, we also consider the sensitivity of the JDM scheme with respect to spatial
correlation. The spatial correlation is modelled according to the interelement distances in
the transmit and receive antenna arrays, as it is done in [47]. Correlation at both the
transmit and receive arrays is considered, with values between 0, for no correlation, and 1,
for full correlation. The impact of spatial correlation on the performance of SCFDE-SF-
JDM and SCFDE-SF-QOD for moderate frequency selectivity in terms of uncoded average
SE is shown in Figures 4.12. As expected, the JDM scheme is quite sensitive to the spatial
correlation. Nevertheless, QOD scheme is also affected by spatial correlation, though its drop
in performance is less impressive than for JDM. If channel coding is used (see Figure 4.13),
QOD scheme is much less impacted by the spatial correlation than JDM scheme.
4.3.2.2 Space-Time Schemes
The dual propagation scenarios are considered when comparing ST schemes, i.e. a high
frequency selectivity (τmax = 18.20 µs) and increasing time selectivity. In Figure 4.14 the
case for low time selectivity is shown (fdTs = 0.001 corresponding to v = 3 kmph): the QOD
schemes outperform the JDM schemes, and the ones with SCFDE modulation are better
than the ones with OFDM.
As shown in Figures 4.15 and 4.16, corresponding to moderate (fdTs = 0.015, v = 45
kmph) and severe (fdTs = 0.03, v = 90 kmph) time selectivity, the SCFDE ST-JDM scheme
performs the best, in uncoded case, as SCFDE SF-JDM was doing among the SF schemes
in the harsh scenario of high time and frequency variability. In Figure 4.16, also the SCFDE
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Figure 4.9: Uncoded Average SE for moderate frequency selectivity (τmax = 14.70 µs) and high time
selectivity (fdTs = 0.03)
Aalborg University, Center for TeleInFrastruktur (CTIF)
4.3 Combining Diversity and Multiplexing in SCFDE 89
0
0.5
1
1.5
2
0 5 10 15 20
U
n
c
o
d e
d  
A v
e r
a g
e  
S E
SNR (dB)
SCFDE SF-JDM
SCFDE SF-QOD
OFDM SF-JDM
OFDM SF-QOD
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Figure 4.15: Uncoded Average SE for moderate time selectivity (fdTs = 0.015) and high frequency
selectivity (τmax = 18.20 µs)
SF-JDM and QOD schemes have been included, to compare them with the correspondent
ST schemes. The SF and ST-JDM schemes perform practically the same, whilst SF-QOD is
performing much worse than ST-QOD, suggesting that the impact of frequency selectivity is
more important than the impact of time variability. The OFDM schemes perform the worst,
since as already mentioned, OFDM does need channel coding, differently from SCFDE that
can get frequency diversity gain without coding. Once again, the introduction of channel
coding suggests a very different conclusion with respect to the uncoded case (see Figure 4.17):
the QOD schemes perform better than JDM schemes. Comparing SF and ST-QOD, and SF
and ST-JDM, ST schemes perform slightly better. Still SCFDE modulation shows better
behavior than OFDM.
An important aspect to mention is that by using ST schemes an extra processing
delay is introduced with respect to SF schemes. In fact, ST-QOD needs to wait four symbol
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Figure 4.16: Uncoded Average SE for high time selectivity (fdTs = 0.03) and high frequency selec-
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Figure 4.17: Coded Average SE for high time selectivity (fdTs = 0.03) and high frequency selectivity
(τmax = 18.20 µs)
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periods at the receiver before completing the detection process, while ST-JDM needs to
wait for two periods. In real-time applications this could be an obstacle to the use of ST
schemes, even if they are the ones shown to have the best performance. Therefore the
SCFDE SF-QOD and SF-JDM, which process the symbols period by period, without added
delay, appear to be appealing solutions especially for real-time applications, preferring the
SF-QOD for coded case, and preferring SF-JDM for uncoded case.
4.4 Conclusions
A new low-complexity SCFDE-SFBC scheme has been presented which allows to code across
antennas and subcarriers, even if the subcarriers domain is not directly accessible at the
transmitter of a SCFDE system. The proposed scheme has been shown to be more robust
than SCFDE-STBC in highly time-varying channels.
The above mentioned SCFDE-SFBC scheme has then been applied to a JDM scheme
(combined SM and SFBC). It has been shown that for SCFDE it is very efficient to use
the available antennas to get multiplexing gain, since the resulting JDM scheme is robust
to both the frequency and time selectivity of the channel. In case channel coding is present,
it is more convenient to use the available antennas to provide only diversity instead of both
diversity and multiplexing.
c© Nicola Marchetti, 2007
Chapter 5
Linear Dispersion Codes for SCFDE
5.1 Introduction
LDC are considered as one of attractive advanced multiple antennas techniques for future
wireless systems [57]. Proposed in [4], they represent a space-time transmission scheme that
has many of the coding and diversity advantages of previously designed codes, but has also
the decoding simplicity of VBLAST at high data rates. Moreover, with respect to VBLAST,
they work with arbitrary number of transmit and receive antennas and both VBLAST and
pure transmit diversity schemes can be considered as a special case of LDC.
In the present Chapter, the application of space-frequency LDC to SCFDE systems
is addressed. As for SFBC schemes (see Chapter 4), which are a special case of LDC, the
application of space-frequency LDC schemes to SCFDE is not straightforward. Moreover,
in case of LDC, the dispersion in frequency instead of in time might be even more beneficial
than in other multi-antenna techniques since the hypothesis of channel constant over a
certain number of symbol intervals might be more stringent. The main contribution of this
work is the definition of the dispersion matrices to be applied at the transmitter of a SCFDE
system to achieve the desired SF dispersion. To the best of our knowledge, so far no work
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has investigated SF-LDC in SCFDE systems.
5.2 Linear Dispersion Codes
Multiple-antenna systems that operate at high rates require simple yet effective space-time
transmission schemes to handle the large traffic volume in real time. At rates of tens of
bits per second per hertz, VBLAST, where every antenna transmits its own independent
substream of data, has been shown to have good performance and simple encoding and
decoding. Yet VBLAST suffers from its inability to work with fewer receive antennas than
transmit antennas - this deficiency is especially important for modern cellular systems, where
a base station typically has more antennas than the mobile handsets. Furthermore, because
VBLAST transmits independent data streams, on its antennas there is no built-in spatial
coding to guard against deep fades from any given transmit antenna.
On the other hand, there are many previously proposed space-time codes that have
good fading resistance and simple decoding, but these codes generally have poor performance
at high data rates or with many antennas.
In [4] one proposes a high-rate coding scheme that can handle any configuration
of transmit and receive antennas and that subsumes both VBLAST and many proposed
space-time block codes as special cases. The scheme breaks the data stream into substreams
that are dispersed in linear combinations over space and time. These codes are designed to
optimize the mutual information between the transmitted and received signals. Because of
their linear structure, the codes retain the decoding simplicity of VBLAST, and because of
their information-theoretic optimality, they possess many coding advantages. The Authors
in [4] refer to these codes as LDC. The LDC have the following properties:
1. they subsume, as special cases, both VBLAST [58] and the space block codes of [59];
2. they generally outperform both VBLAST and the space block codes;
c© Nicola Marchetti, 2007
100 Chapter 5. Linear Dispersion Codes for SCFDE
3. they can be used for any number of transmit and receive antennas;
4. they are very simple to encode;
5. they can be decoded in a variety of ways;
6. they are designed with the numbers of both the transmit and receive antennas in mind;
7. they satisfy the following information-theoretic optimality criterion: the codes are
designed to maximize the mutual information between the transmit and receive signals.
Let us assume NT number of transmit antennas, NR number of receive antennas, and an
interval of T symbols where the propagation channel is constant and known to the receiver.
The transmitted signal can then be written as a T × NT matrix S that governs the trans-
mission over the NT antennas during the interval. Let us assume that the data sequence has
been broken into Q substreams and that s1, . . . , sQ are the complex symbols chosen from
an arbitrary, say r-PSK or r-QAM, constellation. A rate R = QT log2r linear dispersion code
is a code for which S obeys
S =
Q∑
q=1
(αqAq + jβqBq) (5.1)
where the scalars (αq, βq) are determined by
sq = αq + jβq (5.2)
The design of LDC depends crucially on the choices of the parameters T ,Q and of the
dispersion matrices (Aq,Bq). To choose (Aq,Bq), [4] proposes to optimize the mutual
information between the transmitted signals (αq, βq) and the received signal.
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5.3 Space-Frequency LDC for SCFDE
The application of LDC is problematic for highly variable channels. In fact, as it has been
shown in [4], LDC are more efficient than pure transmit diversity schemes for a wide range
of SNRs, when the required rate is high. To get high data rate, when the dispersion is done
over time and space, the channel must be supposed constant over a number T of symbol
intervals that is usually higher than 2 (as it is in a simple Alamouti scheme), hypothesis
that might not hold in realistic propagation environment. In fact, when applied to OFDM
systems T symbol intervals mean T OFDM symbols, that can be quite a long time.
This motivated the study of SF-LDC in OFDM systems: originally designed for flat
fading channels, LDC have been extended to frequency selective channels in combination
with OFDM. In [60] the transmitted symbols are dispersed over uncorrelated subchannels
instead of adjacent subchannels, to take advantage of multipath diversity, provided that the
subcarriers inside a subchannel behave the same. Actually, when extended to frequency
domain, LDC could also be used to disperse the symbols over time and frequency instead
of time and space, in order to exploit the multipath diversity of the channel [61].
Some effort has recently been spent, where LDC are applied in the time and fre-
quency domains for SCFDE systems [62]. However, as stated in [62], application of LDC to
frequency-domain for SCFDE systems is not straightforward since there is no direct access
to subcarriers at the transmitter. The same problem has been observed in Chapter 4 for the
easier case of SFBC and a solution has been provided.
This Chapter proposes a general solution for applying SF-LDC to SCFDE systems,
which includes as special case the processing proposed in Chapter 4. As it is shown in
this Chapter, SF-LDC are more efficient solutions in high-data-rate and high-mobility en-
vironment with respect to ST-LDC or pure transmit diversity schemes. The sensitivity of
SF-LDC with respect to the frequency selectivity and time selectivity of the channel is also
investigated, to better identify the range of propagation conditions in which SF-LDC are a
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suitable solution.
The computational complexity of the proposed solution (SCFDE SF-LDC) is ana-
lyzed and compared with SCFDE ST-LDC and OFDM SF-LDC.
5.3.1 System Model
Firstly, in Section 5.3.1.1 the system model for the original LDC proposed in [4] is recalled,
as a starting point for developing a general system model for SF-LDC in SCFDE, presented
in Section 5.3.1.2. Then, in Section 5.3.1.3 some specific examples on the application of
the proposed procedure are presented, such as 2-antennas Alamouti [45] [11] and Hassibi
codes [4], and 4-antennas Jafarkhani [12] and Hassibi [4] codes.
5.3.1.1 Original LDC
The design method proposed in [4] consists of the following two steps:
1. choose Q ≤ NRT (typically Q = min (NT , NR) · T )
2. choose (Aq,Bq) that solve the optimization problem
CLD (ρ, T,NT , NR) = max
Aq ,Bq ,q=1,...,Q
1
2T
E log det
(
I2NRT +
ρ
NT
HHT
)
(5.3)
for an SNR ρ of interest, subject to one of the following constraints:
(a)
∑Q
q=1
(
trA∗qAq + trB∗qBq
)
= 2TNT
(b) trA∗qAq = trB∗qBq =
TNT
Q , q = 1, . . . , Q
(c) A∗qAq = B∗qBq =
T
QINT , q = 1, . . . , Q
where H is given by (5.4) with the hn having independent N
(
0, 12
)
entries
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H =

A1h1 B1h1 · · · AQh1 BQh1
...
...
. . .
...
...
A1hN B1hN · · · AQhN BQhN
 (5.4)
where
Aq =
 AR,q −AI,q
AI,q AR,q
 (5.5)
Bq =
 −BI,q −BR,q
BR,q −BI,q
 (5.6)
with
Aq = AR,q + jAI,q (5.7)
Bq = BR,q + jBI,q (5.8)
and
hn =
 hR,n
hI,n
 , n = 1, . . . , NR (5.9)
with hR,n and hI,n n-th columns of HR and HI , and H = HR + jHI (NT ×NR matrix).
For T = 2, NT = 2, NR = 1, one solution to (5.3), for any of the constraints
(a)-(c), is the orthogonal design (Alamouti structure [45]). This holds because the mu-
tual information of this particular orthogonal design achieves the actual channel capacity
C (ρ,NT = 2, NR = 1), thus Alamouti for the NT ×NR = 2×1 cannot be defeated by LDC.
Let us move to more than one receive antenna (NR > 1).
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When NR ≥ NT and Q = NTT , [4] provides an explicit solution to (5.3) subject to
the constraint (c). For T = NT , one such set of matrices is given by
A
′
NT (k−1)+l = B
′
NT (k−1)+l =
1√
NT
Dk−1Πl−1, k = 1, . . . , NT , l = 1, . . . , NT (5.10)
where
D =

1 0 · · · 0
0 ej
2pi
NT 0 · · ·
...
. . .
0 ej
2pi(NT−1)
NT

NT×NT
(5.11)
and
Π =

0 · · · 0 1
1 0 · · · 0
0 1 0 · · · 0
...
. . .
...
0 · · · 0 1 0

NT×NT
(5.12)
5.3.1.2 General Space-Frequency LDC for SCFDE
The system model is depicted in Figure 5.1. The B×NT space-frequency dispersion matrix
(after the FFT) is the same replicated for NS = N/B subchannels, with N number of
subcarriers, B number of subcarriers per subchannel, and NT number of transmit antennas,
and for the real part corresponds to:
Afq =

aq11 a
q
12 · · · aq1NT
aq21 a
q
22 · · · aq2NT
...
...
...
...
aqB1 a
q
B2 · · · aqBNT

, q = 1, . . . , Qf (5.13)
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Figure 5.1: Space-Frequency LDC Transceiver
For the nth transmit antenna, in SF domain:
Qf∑
q=1
B∑
i=n
aqi,ns
q
i =
Qf∑
q=1
(
aq1,ns
q
1 + · · ·+ aqB,nsqB
)
(5.14)
which corresponds in ST domain to:
Qf∑
q=1
B∑
i=1
aqi,nŝ
q
i =
Qf∑
q=1
(
aq1,nIFFT (s
q
1) + · · ·+ aqB,nIFFT (sqB)
)
(5.15)
where the sqi have the structure as follows:
sq1 =
αfq,1, 0, · · ·︸ ︷︷ ︸
(B−1) 0s
, · · · , αfq,NS , 0, · · ·︸ ︷︷ ︸
(B−1) 0s

T
(5.16)
...
sqB =
 · · · , 0︸ ︷︷ ︸
(B−1) 0s
, αfq,1, · · · , · · · , 0︸ ︷︷ ︸
(B−1) 0s
, αfq,NS

T
(5.17)
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and the ŝqi , i = 1, . . . , B have the structure as in Equation (5.18).
ŝqi =

1st subperiod

αtq,1
αtq,2e
j
(i−1)pi
B
...
αtq,NSe
j
(NS−1)(i−1)pi
B
...
Bth subperiod

αtq,1e
j
(N−NS)(i−1)pi
B
αtq,2e
j
(N−NS+1)(i−1)pi
B
...
αtq,NSe
j
(N−1)(i−1)pi
B

(5.18)
The ŝqi vectors can be written as:
ŝqi =
NS∑
k=1
αtq,kpk,i (5.19)
where the N × 1 phase vectors pk,i are as follows:
p1,i =
1, 0, · · ·︸ ︷︷ ︸
1st
, · · · , ej (N−NS)(i−1)piB , 0, · · ·︸ ︷︷ ︸
Bth
T (5.20)
p2,i =
0, ej (i−1)piB , · · ·︸ ︷︷ ︸
1st
, · · · , 0, ej (N−NS+1)(i−1)piB , · · ·︸ ︷︷ ︸
Bth
T (5.21)
...
pNS ,i =
· · · , 0, ej (NS−1)(i−1)piB︸ ︷︷ ︸
1st
, · · · , · · · , 0, ej (N−1)(i−1)piB︸ ︷︷ ︸
Bth
T (5.22)
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Equation (5.15) can then be rewritten as:
Qf∑
q=1
B∑
i=1
aqi,nŝ
q
i =
Qf∑
q=1
B∑
i=1
aqi,n
NS∑
k=1
αtq,kpk,i (5.23)
and inverting the order of sums in i and k:
Qf∑
q=1
B∑
i=1
aqi,nŝ
q
i =
Qf∑
q=1
NS∑
k=1
αtq,k
B∑
i=1
aqi,npk,i (5.24)
Equation (5.24) means it is possible to define the N×NT space-time dispersion matrix Aq,k,
to be applied to the real part of the N symbols at the transmitter, as the matrix where the
nth column, with n = 1, . . . , NT , is given by Aq,k(:, n) = αtq,k
∑B
i=1 a
q
i,npk,i. Therefore, given
the desired dispersion matrices in the space and frequency domain, it is possible to define
the dispersion matrices to be applied at the transmitter in the space and time domain. The
same can be done for the dispersion matrices for the imaginary part. The total number of
space-time dispersion matrices is 2QfNS .
5.3.1.3 Some examples
The general procedure just introduced will be applied to some known LDC. The features of
the considered schemes are listed up in Table 5.1.
2x2 SCFDE SF-LDC
For the 2-transmit antennas Hassibi code (Equation (31) [4]) it is NS = N2 , B = 2, and
Qf = 4. The space-frequency dispersion matrices are:
Af1 = B
f
1 =
 1 0
0 1
 , Af2 = Bf2 =
 0 1
1 0
 , Af3 = Bf3 =
 1 0
0 −1
 , Af4 = Bf4 =
 0 1
−1 0

(5.25)
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Table 5.1: Schemes characteristics
Scheme 2x2 LDC 2x2 OD 4x4 LDC 4x4 QOD
No. transmit antennas, NT 2 2 4 4
No. transmit antennas, NR 2 2 4 4
No. symbols dispersed per sub-
channel (period), Qf (Qt)
4 2 16 4
No. "subcarriers" per subchannel,
B (symbols per period, T )
2 2 4 4
Rate, R = Q
f
B log2r(
R = Q
t
T log2r
)
, r=mod. order
2log2r log2r 4log2r log2r
Reference Equation (31) [4] Table I [45] (31) [4] (5) [12]
and the phase vectors of Equations (5.20)-(5.21)-(5.22) are, for i = 1:
p1,1 =
1, 0, · · ·︸ ︷︷ ︸
1st
, 1, 0, · · ·︸ ︷︷ ︸
2nd
T (5.26)
p2,1 =
0, 1, · · ·︸ ︷︷ ︸
1st
, 0, 1, · · ·︸ ︷︷ ︸
2nd
T (5.27)
...
pN/2,1 =
· · · , 0, 1︸ ︷︷ ︸
1st
, · · · , 0, 1︸ ︷︷ ︸
2nd
T (5.28)
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and for i = B = 2:
p1,2 =
1, 0, · · ·︸ ︷︷ ︸
1st
, ej
(N−N/2)pi
2 , 0, · · ·︸ ︷︷ ︸
2nd
T (5.29)
p2,2 =
0, ej pi2 , · · ·︸ ︷︷ ︸
1st
, 0, ej
(N−N/2+1)pi
2 , · · ·︸ ︷︷ ︸
2nd
T (5.30)
...
pN/2,2 =
· · · , 0, ej (N/2−1)pi2︸ ︷︷ ︸
1st
, · · · , 0, ej (N−1)pi2︸ ︷︷ ︸
2nd
T (5.31)
2x2 SCFDE SF-OD
For the 2-transmit antennas Orthogonal Design (OD) it is NS = N2 , B = 2, and Q
f = 2.
The space-frequency dispersion matrices are:
Af1 =
 1 0
0 1
 , Bf1 =
 1 0
0 −1
 , Af2 =
 0 1
−1 0
 , Bf2 =
 0 1
1 0
 (5.32)
and the phase vectors are the same as for 2× 2 SCFDE SF-LDC.
4x4 SCFDE SF-QOD and SF-LDC
The 4-transmit antennas SF schemes considered (Equation (31) [4] and Equation (5) [12])
are straightforward extensions of the NT = 2 case. The QOD code of [12] was chosen because
it provides a sufficient high spatial rate of 1, with no need to go for too high (unrealistic)
modulation orders, with respect to OD (e.g. the OD (38) of [59] has spatial rate of 1/2
and needs 256-QAM to achieve R = 4, while LDC only BPSK, and needs 65536-QAM (!!!)
to achieve R = 8, while LDC only QPSK). As an example the space-frequency dispersion
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matrices for Jafarkhani QOD code (in this case it is NS = N4 , B = 4, and Q
f = 4) are:
Af1 =

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

, Bf1 =

1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 1

(5.33)
Af2 =

0 1 0 0
−1 0 0 0
0 0 0 1
0 0 −1 0

, Bf2 =

0 1 0 0
1 0 0 0
0 0 0 −1
0 0 −1 0

(5.34)
Af3 =

0 0 1 0
0 0 0 1
−1 0 0 0
0 −1 0 0

, Bf3 =

0 0 1 0
0 0 0 −1
1 0 0 0
0 −1 0 0

(5.35)
Af4 =

0 0 0 1
0 0 −1 0
0 −1 0 0
1 0 0 0

, Bf4 =

0 0 0 1
0 0 1 0
0 1 0 0
1 0 0 0

(5.36)
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and the phase vectors of Equations (5.20)-(5.21)-(5.22) are, for i = 1:
p1,1 =
1, 0, · · ·︸ ︷︷ ︸
1st
, · · · , 1, 0, · · ·︸ ︷︷ ︸
4th
T (5.37)
p2,1 =
0, 1, · · ·︸ ︷︷ ︸
1st
, · · · , 0, 1, · · ·︸ ︷︷ ︸
4th
T (5.38)
...
pN/4,1 =
· · · , 0, 1︸ ︷︷ ︸
1st
, · · · , · · · , 0, 1︸ ︷︷ ︸
4th
T (5.39)
up to i = B = 4:
p1,4 =
1, 0, · · ·︸ ︷︷ ︸
1st
, · · · , ej (N−N/4)3pi4 , 0, · · ·︸ ︷︷ ︸
4th
T (5.40)
p2,4 =
0, ej 3pi4 , · · ·︸ ︷︷ ︸
1st
, · · · , 0, ej (N−N/4+1)3pi4 , · · ·︸ ︷︷ ︸
4th
T (5.41)
...
pN/4,4 =
· · · , 0, ej (N/4−1)3pi4︸ ︷︷ ︸
1st
, · · · , · · · , 0, ej (N−1)3pi4︸ ︷︷ ︸
4th
T (5.42)
5.3.1.4 Equalization
As in [4] the single real system of equations (5.43) can be written, and in more compact
form as in Equation (5.44):
Yk =
√
PT
NT
Hfksfk +Nk, k = 1, . . . , NS (5.44)
where Yk, k = 1, . . . , NS is a 2BNR × 1 vector, Afj and Bfj , j = 1, . . . , Qf are 2B × 2NT
matrices, Hfk is a 2BNR×2Qf matrix, sfk is a 2Qf ×1 vector, and Nk is a 2BNR×1 vector.
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
YR,1,k
YI,1,k
...
YR,NR,k
YI,NR,k
 =
√
PT
NT

Af1h1,k Bf1h1,k · · · AfQh1,k BfQh1,k
...
...
. . .
...
...
Af1hNR,k Bf1hNR,k · · · AfQhNR,k BfQhNR,k


αf1,k
βf1,k
...
αfQ,k
βfQ,k

+

NR,1,k
NI,1,k
...
NR,NR,k
NI,NR,k

(5.43)
Hk = HR,k+jHI,k =
 H1,1 ((k − 1)B + 1) · · · H1,NR ((k − 1)B + 1)... . . . ...
HNT ,1 ((k − 1)B + 1) · · · HNT ,NR ((k − 1)B + 1)
 , k = 1, . . . , NS
(5.46)
The vector YR,j,k is built as follows:
YR,j,k =

YR,j,k(1)
...
YR,j,k(B)
 , k = 1, . . . , NS , j = 1, NR (5.45)
and analogously for YI,j,k. YR,j,k and YI,j,k are B × 1 vectors.
The matrices Afq and Bfq , q = 1, . . . , Qf are defined as in [4], using the B × NT
matrices Afq and Bfq , q = 1, . . . , Qf .
Regarding the channel, let us suppose it constant over k-th subchannel, as in Equa-
tion (5.46) where Hm,n (i) is the CTF between m-th transmit antenna and n-th receive
antenna for the i-th subcarrier, and Hk, HR,k, HI,k are all NT ×NR matrices. The follow-
ing 2NT × 1 vector is then built:
hj,k =
 hR,j,k
hI,j,k
 , k = 1, . . . , NS , j = 1, . . . , NR (5.47)
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where hR,j,k and hI,j,k are the j-th columns of HR,k and HI,k, respectively.
The B × 1 noise vector NR,j,k is built as:
NR,j,k =

NR,j,k(1)
...
NR,j,k(B)
 , k = 1, . . . , NS , j = 1, . . . , NR (5.48)
and analogously for NI,j,k.
The linear relation in (5.44) allows us to use a linear receiver, i.e.
ŝk = GkYk, k = 1, . . . , NS (5.49)
where for ZF
Gk = GZF,k =
√
NT
PT
(HHk Hk)−1HHk (5.50)
and for MMSE
Gk = GMMSE,k =
√
NT
PT
(
HHk Hk +
NT
ρ
INT
)−1
HHk (5.51)
where ρ = PT /σ2.
5.3.2 Simulations and Discussions
The simulations parameters are shown in Table 5.2, and consider a WiMAX scenario [30]
with values for maximum delay spread and velocity taken from the ITU Vehicular A channel
model [63]. In Figure 5.2 we show the uncoded BER for 2× 2 schemes, LDC and OD, both
ST and SF. The rate is R = 8, which means 16-QAM for LDC and 256-QAM for OD. As
we can see in ITU Vehicular A channel model, the ST schemes show worse performance
than the SF schemes, since the assumption they make of channel identical over two time
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Table 5.2: Simulation Parameters
Parameters Value
System bandwidth, B 1.25 MHz
Sampling frequency, fs 1.429 MHz
Carrier frequency, fc 3.5 GHz
Symbols per block, N 128
Subcarrier spacing, ∆f 9.77 KHz
CP length, NCP 16
Max delay spread, τmax 2.51 µs
Velocity 30 Kmph
FDE Equalizer MMSE
Channel coding scheme 1/2-rate convolutional coding
periods [45] does not hold anymore, already at a moderate velocity of 30 kmph. The SF
schemes instead, show a much more robust behavior to the time-variability of the channel.
We can note that even though the SF-LDC scheme outperforms SF-OD up to SNR=22 dB,
OD behaves better for higher SNR: this diversity loss of the LDC can be explained by the
fact that the code used satisfies more the mutual information criterion than the diversity
criterion [4].
In Figure 5.3 we compare 4× 4 LDC and QOD pure-diversity systems, both ST and
SF. It is interesting to notice that the impact of time-selectivity is much higher for 4×4 ST-
LDC than for any other scheme considered. This is due to the fact that the assumption of
channel constant over four time periods is not realistic already for moderate velocities. This
is also confirmed by Figure 5.4, which shows the impact of increasing time-selectivity on the
studied systems. The velocity considered in the ITU Vehicular A model is correspondent to
a normalized Doppler frequency fdTs = 0.01.
Finally, the impact of frequency-selectivity is shown in Figure 5.5. The normalized
coherence bandwidth is defined as Bc,norm = 1τmax∆f . The dual behavior of Figure 5.4
can be seen, and the big degradation in performance of SF-LDC is due to the non-realistic
assumption of channel constant over four subcarriers, in case of high frequency-selectivity.
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Figure 5.2: Coded BER performance for 2x2 ST and SF-LDC vs. ST and SF-OD, rate = 8, B = T
= 2, ITU vehicular A channel
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Figure 5.3: Coded BER performance for 4x4 ST and SF-LDC vs. ST and SF-QOD, rate = 8, B =
T = 4, ITU vehicular A channel
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Figure 5.4: Impact of time-selectivity for 4x4 ST and SF-LDC vs. ST and SF-QOD, rate = 8, B =
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Figure 5.5: Impact of frequency-selectivity for 4x4 ST and SF-LDC vs. ST and SF-QOD, rate = 8,
B = T = 4, SNR = 10 dB
The maximum delay spread considered in the ITU Vehicular A model is correspondent to a
normalized coherence bandwidth Bc,norm = 36.58. From Figure 5.5, we can notice that both
ST and SF-LDC for SCFDE systems show a higher frequency diversity gain as the coherence
bandwidth decreases. However, in the case of SF-LDC, the diversity gain is compensated by
the performance degradation due to the hypothesis of channel constance over B consecutive
subcarriers. This explains the minimum in the curve of SF-LDC.
The influence of correlation, due either to insufficient antennas spacing or to the pres-
ence of LOS component, was not investigated for LDC and is left for future investigations.
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5.3.3 Computational Complexity
The complexities for SCFDE-SF-LDC, SCFDE-ST-LDC, and OFDM-SF-LDC are, respec-
tively:
CSC−SF = 2
QfNSNNT
B
+NR
N
2
log2N +Qf
NS
2
log2NS (5.52)
CSC−ST = 2
Qt NPT NNT
T
+NR
N
2
log2N +
Qt
T
NP
2
log2NP (5.53)
CMC−SF = 2
NSQ
fNSBNT
B
+NT
N
2
log2N +NR
N
2
log2N (5.54)
where the number of subchannels for SF codes is NS = N/B and the number of symbols
periods for ST codes is NP = N .
The complexity for the 2× 2 case is shown in Table 5.3. The parameters in this case
are: NT = NR = 2, B = T = 2. Moreover, it is Qf = Qt = B = T = 2 for Alamouti, and
Qf = Qt = NTB = NTT = 4 for Hassibi.
Table 5.3: Complexity in terms of complex multiplications for 2x2 case
scheme Hassibi Hassibi Alamouti Alamouti
N=64 N=128 N=64 N=128
SCFDE-SF 17088 67200 8736 34048
SCFDE-ST 17152 67328 8768 34112
OFDM-SF 17152 67328 8960 34560
The complexity for the 4× 4 case is shown in Table 5.4. The parameters in this case
are: NT = NR = 4, B = T = 4. Moreover, it is Qf = Qt = B = T = 4 for Jafarkhani, and
Qf = Qt = NTB = NTT = 16 for Hassibi.
Therefore, the proposed SCFDE-SF schemes are slightly less complex than the cor-
respondent SCFDE-ST and OFDM-SF schemes.
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Table 5.4: Complexity in terms of complex multiplications for 4x4 case
scheme Hassibi Hassibi Jafarkhani Jafarkhani
N=64 N=128 N=64 N=128
SCFDE-SF 34048 134144 9088 34880
SCFDE-ST 34304 134656 9152 35008
OFDM-SF 34304 134656 9728 36352
5.4 SD, SM and JDM as special cases of LDC
In this Section it is explicitly shown how the schemes considered in the former Chapters, i.e.
2-transmit antennas Alamouti SD, 2-transmit antennas SM, and 4-transmit antennas JDM,
can all be incorporated in the LDC theoretical framework.
In the case of Alamouti SD with NT = T = 2 (or NT = B = 2), the matrix S of
Equation (5.1) can be written as:
SSD =
 s1 s2
−s∗2 s∗1
 (5.55)
=
 α1 + jβ1 α2 + jβ2
−α2 + jβ2 α1 − jβ1
 (5.56)
= α1
 1 0
0 1
+ jβ1
 1 0
0 −1
+ α2
 0 1
−1 0
+ jβ2
 0 1
1 0
 (5.57)
= α1A1 + jβ1B1 + α2A2 + jβ2B2 (5.58)
For SM with NT = 2 and T = 1 (or B = 1), the matrix S of Equation (5.1) can be written
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as:
SSM =
[
s1 s2
]
(5.59)
=
[
α1 + jβ1 α2 + jβ2
]
(5.60)
= α1
[
1 0
]
+ jβ1
[
1 0
]
+ α2
[
0 1
]
+ jβ2
[
0 1
]
(5.61)
= α1A1 + jβ1B1 + α2A2 + jβ2B2 (5.62)
In the case of JDM with NT = 4 and T = 2 (or B = 2), the matrix S of Equation (5.1) can
be written as:
SJDM =
 s1 s2 s3 s4
−s∗2 s∗1 −s∗4 s∗3
 (5.63)
=
 α1 + jβ1 α2 + jβ2 α3 + jβ3 α4 + jβ4
−α2 + jβ2 α1 − jβ1 −α4 + jβ4 α3 − jβ3
 (5.64)
= α1
 1 0 0 0
0 1 0 0
+ jβ1
 1 0 0 0
0 −1 0 0
 (5.65)
+α2
 0 1 0 0
−1 0 0 0
+ jβ2
 0 1 0 0
1 0 0 0

+α3
 0 0 1 0
0 0 0 1
+ jβ3
 0 0 1 0
0 0 0 −1

+α4
 0 0 0 1
0 0 −1 0
+ jβ4
 0 0 0 1
0 0 1 0

= α1A1 + jβ1B1 + α2A2 + jβ2B2 + α3A3 + jβ3B3 + α4A4 + jβ4B4 (5.66)
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5.5 Conclusions
A general procedure has been introduced to derive the dispersion matrices to be applied at
the transmitter of a SCFDE system, to achieve the desired space-frequency dispersion. To
the best of Authors’ knowledge, no other work before has addressed the issue of applying
LDC in the frequency domain to SCFDE systems. It has been shown that the dispersion in
frequency is more suitable than the dispersion in time, already at moderate terminal speeds
and for a wide range of frequency selectivity of the channel.
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Chapter 6
Summary and Conclusions
This Thesis has investigated several kinds of multiple antenna transceiver architectures
in FDE, especially addressing the SCFDE case and the application of SF multi-antenna
schemes.
The main contributions of the Thesis are two:
• the efficient (low-complexity) application of space-frequency diversity techniques in
SCFDE systems;
• original JDM techniques for both OFDM and SCFDE systems, which achieve a trade-
off between diversity and multiplexing gains.
6.1 Space-Frequency Diversity Techniques for SCFDE Sys-
tems
This work proposed several solutions to the application to SCFDE systems of SF diversity
techniques, which are recognized to be important in future wireless systems targeting also
high mobility environments (i.e., highly time variable channels). However, their "straight"
application to SCFDE system would require the introduction of high complexity processing,
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especially at the transmit terminal (the mobile terminal in case of the application of SCFDE
to the uplink). The proposed solutions overcome this issue. Moreover, the investigation
carried out in this Thesis showed that SF techniques are very suitable in a wide range of
propagation scenarios.
6.1.1 SCFDE-SFBC
A new low-complexity SCFDE-SFBC transmit diversity scheme has been presented, which
has been shown to be more robust than SCFDE-STBC transmit diversity scheme in highly
time-varying channels. As SFBC schemes in OFDM-based transmissions, the proposed
scheme processes simultaneously two adjacent subcarriers at the receiver, and hence, it
is expected to work well in low frequency selective channel. However, the performance
comparison between STBC and the proposed scheme in different channel conditions showed
that STBC is outperformed by SFBC over highly time-varying channels also when the
frequency selectivity is high.
6.1.2 Linear Dispersion Codes for SCFDE
The application of a SF approach appears to be even more important when high rate LDC
are used. A general procedure has been introduced to derive the dispersion matrices to
be applied at the transmitter of a SCFDE system, to achieve the desired space-frequency
dispersion. This is the main contribution of this Thesis. With the derived procedure, LDC
can be applied in the frequency domain of SCFDE systems as the LDC in the time domain
(same transmitter and complexity) by simply changing the dispersion matrices.
This procedure can be applied also to diversity or spatial multiplexing schemes,
which are special cases of LDC. As expected, LDC in the frequency domain work better
than LDC in the time domain in highly time variable channels but their performance degrade
as high frequency selectivity is experienced. However, it is worth outlining (from the shown
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performance results) that the dispersion in frequency instead of in time is more suitable,
already at moderate terminal speeds and for a wide range of frequency selectivity of the
channel.
6.2 JDM Techniques for FDE-based Systems
6.2.1 Combining Diversity and Multiplexing in OFDM
Two JDM schemes for OFDM systems have been proposed. They showed robustness to the
spatial correlation caused by the inadequate spatial separation between antenna elements.
When spatial correlation is caused by the LOS scenario, then only SM-QSFBC type JDM
schemes show robustness in performance. All other JDM schemes fail with little increment
in strength of the LOS component in the wireless channel. For both ZF and MMSE, the
VBLAST-based SM schemes [10] perform poorly in realistic wireless conditions.
The proposed JDM schemes appear to be a suitable solution when SM is used at any
cellular access point, as they allow to increase the coverage in terms of radius where SM can
be supported.
6.2.2 Combining Diversity and Multiplexing in SCFDE
The JDM schemes proposed for OFDM in Chapter 3 have been extended to the SCFDE case.
In particular, the combination of SM and SFBC for SCFDE systems is studied in highly time
variable channels, where the application of the coding across antennas and time (ST coding)
is known to have poor performance. The above-introduced low-complexity implementation
of SFBC in SCFDE systems is applied to a JDM scheme (combined SM and SFBC).
A different behavior between OFDM systems and SCFDE systems has been observed
in terms of diversity-multiplexing trade-off. In fact, it has been shown that space-frequency-
based diversity schemes in OFDM systems are very sensitive to the frequency selectivity of
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Table 6.1: Dissemination of the Ph.D work
Chapter Journals Conferences Deliverables
2 WPMC Sep 04 Jade Del 3.1.1 Jul 04
Jade Del 3.2.1 Sep 04
3 IEE Letters Aug 06 OFDM Workshop Aug-Sep 05 Jade Del Jun 05
Eurasip JWCN Jul 07 IEEE ISWCS Sep 05
IEEE VTC fall Sep 06
4 Wiley WCMC Fall 07 IEEE ICC Jun 07
IST Jul 07
5 IEEE TW Comm Fall 07 IEEE PIMRC Sep 07
Wiley WCMC Fall 07
the channel and "coding less" across subcarriers by using part of the available antennas to get
SM gain does not help much in reducing the negative impact of the frequency selectivity.
On the other hand, for SCFDE it is very efficient to use the available antennas to get
multiplexing gain since the resulting scheme is robust to both the frequency selectivity, and
the time selectivity of the channel (by using SFBC instead of STBC). As expected, the
spatial correlation of the channel negatively impacts the performance of the JDM schemes.
However, for moderate and high frequency selective channels, the proposed JDM scheme
still outperforms diversity-only schemes in uncoded systems.
On the other hand, when channel coding is present, the detrimental effect of frequency
selectivity on SF schemes is much mitigated, and it is shown that it is more convenient to use
the available antennas to provide only diversity instead of both diversity and multiplexing.
6.3 Dissemination
The state-of-the-art surveys and original contributions presented in this Thesis have been
disseminated in international journals and conferences, and project deliverables, as indicated
in Table 6.1. The percentage of personal contribution to the presented work is quantified in
Table 6.2.
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Table 6.2: Percentage of personal contribution to the presented work
Chapter Personal Contribution
2 25%
3 50%
4 80%
5 80%
6.4 Future Work
The work presented in this Ph.D. Thesis can be extended towards several directions, and
some of them are:
• Study of time-frequency codes (advantage: one avoids the complexity due to spatial
domain, i.e. to multiple antennas) and of space-time-frequency codes (in this case,
despite of the complexity, one would achieve the best possible code in terms of perfor-
mance) for SCFDE;
• Universal FDE-based MIMO transceiver: inclusion of beam-forming techniques [32] in
the FDE-based JDM or LDC schemes to achieve all the possible gains provided by an
array of antennas (diversity, multiplexing and array gains) [25] [64];
• System Level evaluation, where one will be considered: a multi-user scenario consider-
ing SCFDE as modulation for the UL and OFDM for the DL, LDC and JDM schemes
providing a multiplexing-diversity trade-off as an effective option in the intermediate
region of the cell;
• Alternative design approach to the pragmatic one of the present work: one could
instead start from principles and establish bounds on performance. This alternative
approach would be analogous to the one already taken to study coding in space-
frequency domain for OFDM [40];
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• A more complete complexity analysis could be addressed, comparing the computa-
tional complexities calculated for the schemes presented in this work with the current
hardware state of the art. In this perspective, it would be also relevant to address the
complexity of the SCFDE implementation with direct access to the frequency domain
(Discrete Fourier Transform (DFT)-spread OFDM) and compare it with the proposed
schemes;
• One of the main arguments to go for SC modulation in UL is the reduced PAPR,
compared to OFDM; as ST and SF encoding imply to add and subtract different
versions of the same symbols, which could originate an increase in PAPR, this aspect
could be verified, to validate also from this aspect the efficacy of the proposed multi-
antenna coding techniques for SCFDE.
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Appendix B
General Definitions
Frequency Domain: it is the subcarrier domain. While for OFDM it is directly accessible
at the transmitter, this does not hold for SCFDE;
Spatial Coding: coding applied to the space domain, domain which is identified by the
array of transmit antennas. This term includes a variety of schemes, from SM which
just multiplexes the input streams over the transmit antennas to block coding, or more
advanced codes, such as LDC;
Diversity gain: a scheme is said to have a diversity gain d if its average error probability
decays like 1/ρd, where ρ is the SNR;
Multiplexing gain: a scheme is said to have a spatial multiplexing gain r if its rate scales
like rlogρ, where ρ is the SNR.
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Appendix C
Physical Characteristics of Multipath
Channels
Wireless channel is always very unpredictable with harsh and challenging propagation sit-
uations. Wireless channel differs from wire line channel in a lot of ways. One of the most
unique characteristics of wireless channel is multipath reception. Together with multipath,
there are other serious impairments present at the channel, namely propagation path loss,
shadow fading, Doppler spread, time dispersion or delay spread, etc.
C.1 Multipath Scenario
Multipath is the result of reflection of wireless signals by objects in the environment between
the transmitter and receiver. The objects can be anything present on the signal traveling
path, e.g. buildings, trees, vehicles, hills or even human beings. Thus, multipath scenario
includes random number of received signal from the same transmission source; depending on
the location of transmitter and receiver, a direct transmission path referred to as the Line of
Sight (LOS) path may be present or may not be present. When LOS component is present
(or when one of the components is much stronger than others), then the environment is
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modeled as Ricean channel, and when no LOS signal is present, the environment is described
as Rayleigh channel [65, 66].
Multipaths arrive at the receiver with random phase offsets, because each reflected
wave follows a different path from transmitter to reach the receiver. The reflected waves
interfere with direct LOS wave, and cause a severe degradation of network performance.
This results in random signal fades as the reflections destructively (and/or constructively)
superimpose one another, which effectively cancels part of signal energy for a brief period of
time. The severity of fading will depend on delay spread of the reflected signal, as embodied
by their relative phases and their relative power [65].
A common approach to represent the multipath channel is as the CIR. The channel
baseband equivalent impulse response function, h˜u(t) is defined as
h˜u(τ, t) =
L∑
l=0
hu,l(t)δc(τ − τl) (C.1)
where hu,l(t) = At,l exp(−jθt,l) is the complex gain of the lth multipath component at time
t. Here, At,l, θt,l and τl are the amplitude, phase and delay of the lth path. The CIR given
by Eq.(C.1) is also called Power Delay Profile (PDP), which is shown in Figure C.1.
Delay spread is the time spread between the arrival of the first and last multipath
signal seen by receiver. The time dispersion in a channel is commonly measured by the Root
Mean Square (RMS) delay spread τrms. It is the square root of the second central moment
of the PDP as defined below [65]:
τrms =
[
τ¯2 − (τ¯)2] 12 (C.2)
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Figure C.1: Channel impulse responses and corresponding frequency response
where,
τ¯2 =
∑L
l=1A
2
l τ
2
l∑L
l=1A
2
l
=
∑L
l=1 P (τl)τ
2
l∑L
l=1 P (τl)
(C.3)
τ¯ =
∑L
l=1A
2
l τl∑L
l=1A
2
l
=
∑L
l=1 P (τl)τl∑L
l=1 P (τl)
(C.4)
For clarity, we can remove the time index from the expressions related to CIR, as
the CIR can be assumed to be time invariant, or at least to be wide sense stationary over a
small-scale time or distance interval. τ¯ in Eq.(C.4) is the mean excess delay, defined as the
first moment of PDP; τ¯2 is the excess delay spread, defined as the first moment of squared
delays. Eqs.(C.2 - C.4) do not depend on the absolute power level of P (τl), rather they only
consider the relative amplitude between the first and later multipaths. In practice, values
for τrms, τ¯2 and τ¯ depend on the choice of noise threshold used to process P (τl).
The corresponding frequency-domain Channel Transfer Function (CTF), Hu(f, t),
can then be found using Fourier transformation:
Hu(f, t) = F
{
h˜u(τ, t)
}
=
∫ ∞
−∞
h˜u(τ, t)e−j2pifτd τ (C.5)
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Related to delay spread is Coherence Bandwidth, which is used to define channel
frequency selectivity level [65]. If the coherence bandwidth is defined as the bandwidth
over which the frequency correlation function is above 0.5, then the coherence bandwidth
is approximately, Bc = 15τrms [66]. Based on this, we can define the values for coherence
bandwidth as shown in Table C.1. If the system bandwidth is much smaller compared to
the coherence bandwidth, then the channel is said to be frequency non selective. In this
case, the correlation coefficient is almost 1 for the frequencies within the system bandwidth.
Physically, the frequency response within the system bandwidth is almost flat, so this kind
of fading is also called flat fading. On the other hand, if the system bandwidth is larger
than the coherence bandwidth, then the channel is said to be frequency selective.
RMS delay spread Coherence bandwidth
τrms Bc
50ns 4MHz
100ns 2MHz
0.5µs 400kHz
1.0µs 200kHz
2.0µs 100kHz
3.0µs 66.67kHz
5.0µs 40kHz
Table C.1: Channel coherence bandwidth with respect to different RMS delay spread
In a digital system, the delay spread can lead to ISI. In Figure C.1, the delay spread
amounts to τmax. It is noted that delay spread is always measured with respect to the first
arriving component. Let’s assume a system transmitting in the time intervals Tsym. The
longest path with respect to the earliest path arrives at the receiver with a delay of τmax;
in other words, the last path arrives τmax seconds after the first path arrives. This means
that a received symbol can theoretically be influenced by previous symbols, which is termed
as ISI. With high data rate, Tsym can be very small; thus the number of symbols that are
affected by ISI can be in multiple of tens or more. Combating the influence of such large ISI
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at the receiver is very challenging and sometimes may become unattainable at very severe
channel conditions [67].
C.2 Doppler Effect
The Doppler effect is caused by the relative motion of transmitter and receiver. For example,
in an urban environment in the city center, the vehicles are always moving; the walking
pedestrians are also changing their locations continuously, thus their movements affect the
transmission medium. The Doppler effect is expressed with so called Doppler shift or Doppler
frequency which happens when there is a relative movement between the transmitter and
receiver with a velocity v. The Doppler shift can be defined as:
fd =
1
2pi
∆φ
∆t
=
v
λ
cosθ (C.6)
where ∆φ is the change of phase, defined as:
∆φ =
2pi∆l
λ
=
2piv∆t
λ
cos(θ) (C.7)
where, ∆t is the time taken by the receiver to travel from one place to another and ∆l is
the difference in the pathlengths from the transmitter to these two locations of the mobile
receiver. θ is the angle of arrival of the signal component. Although the receiver has moved
from one place to another, the change in θ can be neglected assuming that the transmitter
and receiver are located far away. It is obvious that the maximum Doppler shift is fm = vλ .
Fourier transform of Doppler spread gives Doppler power spectral density.
Related to Doppler spread is a term, namely coherence time, which is inversely
proportional to maximum Doppler frequency, thus, the time variance of the channel is
directly related the relative motion of transmitter and receiver. Coherence Time (Tc) is a
measure of the time-variance of a channel. If it is defined as the time over which the time
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correlation function is 0.5, then the coherence time is approximately, Tc =
√
9
16pif2d
= 0.4231fd ,
when fd = vcfc is maximum Doppler shift. Here v, c and fc are user velocity, speed of light
and carrier frequency respectively. From Table C.2, we can get an estimate of the largest
allowable symbol duration for the channel to be quasi-static over one multi-carrier symbol
duration.
2.0GHz 3.5GHz
υ, kmph fd, Hz Tc, ms fd, Hz Tc, ms
3 5.56 76.2 9.72 43.5
10 18.52 22.8 32.41 13.1
20 37.04 11.4 64.82 6.5
50 92.59 4.6 162.04 2.6
100 185.19 2.3 324.08 1.3
150 277.78 1.5 486.11 0.9
200 370.37 1.1 648.15 0.7
250 462.96 0.9 810.19 0.5
Table C.2: Channel coherence time at 2.0GHz and 3.5GHz of carrier frequency with respect to
receiver mobility
A high Doppler can be experienced when a user is located in a fast moving car or
in a speedy train, because the relative motion will be higher when either transmitter or
receiver is moving very fast. This relative motion of transmitter and receiver changes the
received signal from the original transmitted signal. When they are moving towards each
other, the frequency of the received signal is higher than the source and when they moving
away from each other, the received frequency decreases. When the relative speed is higher,
then Doppler shift can be very high, and thus the receiver may become unable to detect
the transmitted signal frequency. Even at lower relative motion when the Doppler shift is
usually very little, if the transmission and reception technique is very sensitive to carrier
frequency offset, then the system may fail.
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Appendix D
Channel Model
In this section, the code used to simulate the wireless channel is reported. In the main
simulator, one calls the function Freq_CH_gen, which provide both the CTF and the CIR,
providing as inputs: the number of subcarriers N and the number of multipaths L, the
normalized Doppler frequency fdTs, the number of OFDM symbols/SC blocks in a frame
(frame length), and the Power Delay Profile (PDP) profile.
hh = zeros(LEN_FRAME, L);
H = zeros(LEN_FRAME, N);
[ctf, cir] = Freq_CH_gen(N, L, fdTs, LEN_FRAME, D_PROFILE);
hh = cir(:, 1 : L);
H = ctf(:, 1 : N);
The function Freq_CH_gen is as follows:
function [CH_F, cir] = Freq_CH_gen(N_fft, L, fdTs, N_s, D_PROFILE)
if D_PROFILE == 1
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% Exponential channel weighting
weight_t = exp(−4.6 ∗ (0 : L− 1)/L);
weight = weight_t/norm(weight_t);
else
weight = ones(1, L)/sqrt(L);
end
% channel generation
for n = 1 : L
CH(n, :) = jakes(N_s, fdTs);
end
% Get the CIR
for m = 1 : N_s
cir(m, :) = (weight.′. ∗ CH(:,m)).′;
end
%Get the CTF
for m = 1 : N_s
CHF (m, :) = fft(weight.′. ∗ CH(:,m), N_fft).′;
end
where it is used the function jakes, reported below, to which the frame length and the
normalized Doppler frequency are provided as inputs:
function y = jakes(len, fdT )
N = 34;
N0 = (N/2 − 1)/2;
alpha = pi/4;
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xc = zeros(len, 1);
xs = zeros(len, 1);
sc = sqrt(2) ∗ cos(alpha);
ss = sqrt(2) ∗ sin(alpha);
ts = 0 : (len− 1);
ts = ts + randint(1, 1, round(len/fdT )) ∗ 100 ∗ randint(1, 1, 100);
wd = 2 ∗ pi ∗ fdT ;
xc = sc. ∗ cos(wd. ∗ ts);
xs = ss. ∗ cos(wd. ∗ ts);
for lx = 1 : N0
wn = wd ∗ cos(2 ∗ pi ∗ lx/N);
xc = xc + (2 ∗ cos(pi ∗ lx/N0)). ∗ cos(wn. ∗ ts);
xs = xs + (2 ∗ sin(pi ∗ lx/N0)). ∗ cos(wn. ∗ ts);
end;
y = (xc + i. ∗ xs)./sqrt(2 ∗ (N0 + 1));
y = y/sqrt(y ∗ y′/len)
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Abbreviations
AMC Adaptive Modulation and Coding
AoA Angle of Arrival
AoD Angle of Departure
AP Access-Point
BER Bit Error Rate
BF Beamforming
BLAST Bell labs LAyered Space Time
BPSK Binary Phase Shift Keying
BS Base Station
CIR Channel Impulse Response
CP Cyclic Prefix
CSI Channel State Information
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CTF Channel Transfer Function
DFT Discrete Fourier Transform
DL Downlink
DoA Direction of Arrival
ECC Error Correction Coding
FDD Frequency Division Duplex
FDE Frequency Domain Equalization
FDM Frequency-Division Multiplexing
FEC Forward Error Correction
FER Frame Error Rate
FFT Fast Fourier Transform
IFFT Inverse Fast Fourier Transform
ISI Inter-Symbol Interference
JDM Joint Diversity and Multiplexing
LDC Linear Dispersion Codes
LMS Least Mean Square
LOS Line of Sight
LS Least Squares
MC Multi-Carrier
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MIMO Multiple Input Multiple Output
ML Maximum Likelihood
MMSE Minimum Mean Square Error
MRC Maximal Ratio Combining
MS Mobile Station
OD Orthogonal Design
OFDM Orthogonal Frequency Division Multiplexing
OFDMA Orthogonal Frequency Division Multiple Access
OSFBC Orthogonal Space-Frequency Block Code
OSIC Ordered Successive Interference Cancellation
PAPR Peak to Average Power Ratio
PDP Power Delay Profile
P/S Parallel to Serial
QAM Quadrature Amplitude Modulation
QOD Quasi-Orthogonal Design
QoS Quality of Service
QPSK Quadrature Phase Shift Keying
QSFBC Quasi-orthogonal Space-Frequency Block Code
RF Radio Frequency
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RLS Recursive Least Squares
RMS Root Mean Square
SC Single Carrier
SCFDE Single Carrier - Frequency Domain Equalization
SD Space Diversity
SE Spectral Efficiency
SF Space-Frequency
SFBC Space-Frequency Block Code
SIC Successive Interference Cancellation
SISO Single Input Single Output
SM Spatial Multiplexing
SM-OSFBC Spatially-Multiplexed Orthogonal Space-Frequency Block Coding
SM-OSTBC Spatially-Multiplexed Orthogonal Space-Time Block Coding
SM-QSFBC Spatially-Multiplexed Quasi-orthogonal Space-Frequency Block
Coding
SM-QSTBC Spatially-Multiplexed Quasi-orthogonal Space-Time Block Coding
SNR Signal to Noise Ratio
S-PARC Selective Per-Antenna Rate Control
ST Space-Time
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STBC Space-Time Block Code
STC Space-Time Coding
SVD Singular Value Decomposition
TCM Trellis Coded Modulation
TCP Transmission Control Protocol
TD Transmit Diversity
TDD Time Division Duplex
TDE Time Domain Equalization
TDMA Time Division Multiple Access
UL Uplink
UT User Terminal
VBLAST Vertical - Bell Labs LAyered Space-Time Architecture
WCDMA Wideband Code Division Multiple Access
ZF Zero Forcing
ZMCSCG Zero Mean Circularly Symmetric Complex Gaussian
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